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The exploration and development of geothermal resources in Thailand have been investigated 
for electricity generation since 1946. In total, 112 hot springs are manifested which mostly 
scattered at the granite body from the north to south of Thailand. Fang and Mae Chan areas, 
located in the NE-SW Mae Chan fault in the northern part of the country, are among five 
highest potential hot springs. These areas have been continuously investigated and successfully 
installed the geothermal utilization facility. One the other hand, a few pieces of research have 
investigated low enthalpies (low temperature) hot springs such as hot springs along the Mae 
Chan fault and Ranong fault lines. Therefore, the hydrogeological cycle of these hot springs is 
still considered ambiguous as little knowledge about these systems is available.  
This Ph.D. dissertation integrates the applications of natural hydrogeochemical and isotopic 
composition in water and rock minerals to evaluate and improve the understanding of these 
hydrothermal systems. The results generally reveal that these thermal waters are originated 
from local meteoric water, are recharged from the high elevation, flows through weathered and 
fractured granite and heated at the shallow reservoir (Na-HCO3 water type). These thermal 
waters are reliable on the conservative K-Mg and chalcedony geothermometers. The REE 
concentrations in thermal water are chemically reduced by increasing temperature and pressure 
which has the fluoride concentration predominantly control the precipitation processes of 
LREE-fluoride complex during flow path in this system. The geological setting of both areas 
makes a difference in isotopic and chemical composition of thermal water. 
-In chapter 4, based on a case study in the Mae Chan faults zone, the thermal recharges from 
the high elevation of the mountainous areas ranging from 740 to 1,200 m AMSL. The 
conservative K-Mg and chalcedony subsystems state equilibrium temperatures ranging from 
98 to 139 °C and provide the estimated reservoir depth ranging from 353 and 814 m (-405 and 
150 m AMSL). The silica-enthalpy mixing diagram provides temperature of geothermal 
reservoir ranging from 129 to 168 °C and most of the samples have stream-loss during 
ascending to the surface and mixed with cool water from 35 to 81% by volume. During the 
flow part, the chemical concentration of F, Na+, K+, and SO42- could be developed from the 
granitic minerals (e.g., Na-feldspar) of the local batholith granite together with decreased Ca2+ 
and Mg2+. The Cl- is derived from precipitation. The  13C in thermal waters were mixed with 
three different types of carbon sources. The first group is characterized by an initial 13C that 




geologic gases. The third group probably mixed with biological carbon. The 14C dating is 
specifically reliable for the first group (without external carbon contamination) that has the 
residence time periods ranging from 12,760 to 18,000 BP. The mixing model results of Sr and 
87Sr/86Sr ratio in thermal water provided differently in the percentage of rock contribution 
ranging from 73.11 to 86.31%. The hot springs closed to the fault, had 73.11% to 75.10% Sr 
with rock origin, while the hot springs located far from the fault core had 82.50 to 86.31% Sr 
with rock origin. This relation probably conducted with the influence of that porosity and 
permeability of the crystalline basement rock, which varies with the distance of the fault core 
from the hot springs. 
-In chapter 5, based on a case study in the Ranong faults zone, thermal water recharges from 
the high elevation of the mountainous areas ranging from 378 to 483 m AMSL. The 
conservative K-Mg and chalcedony subsystems state equilibrium temperatures ranging from 
82 to 105 °C. Based on drilling information and Mg/k geothermometer, the estimated reservoir 
depth is in the range from 327 and 640 m (-286 to -612 m AMSL).  The silica-enthalpy mixing 
diagram provides the temperature of the geothermal reservoir ranging from 130 to 199 °C and 
most of the samples have stream-loss during ascending to the surface and mixed with cool 
water from 70 to 90% by volume. The main source of carbon in the thermal water is the 
organic-rich soil and river sediment from the southwestern coast of the country. During the 
flow part, the chemical concentration of F, Na+, K+, SO42-, and Ca2+ could be developed from 
the granitic minerals (e.g., Na-feldspar) of the local batholith granite together with decreased 
and Mg2+. The Cl- is derived from precipitation. The corrected residence time from Pearson’s 
model ranges from 2,675 to 5,235 BP. The mixing model results of Sr, and 87Sr/86Sr ratio in 
thermal water provided the narrow range in percentage of rock contribution ranging from 88.31 
to 86.21 suggesting that these hot springs have similar water-rock interaction and are 
isotopically controlled by the granitic rock. 
Theses differences in environment chemical and isotopic results can be explained by multi, 
small reservoirs, rather than by single, large scale reservoirs. Moreover, these can establish 
four conceptual models in Ranong geothermal area and five conceptual models in Mae Chan 
geothermal area which will be helpful for future water resources assessment and sustainable 
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1 Introduction  
1.1 Introduction to Geothermal fluid 
Geothermal fluid is a renewable resource for developing as an energy source that provided 
stability energy and a friendlier to the environment system. Investments for geothermal fluid 
utilizations are successful and practical in many countries. Most geothermal resources can be 
directly used for heating, cooking, bathing, and agricultural product, however, only high 
geothermal systems can use for the electric generation which depending on the geological 
setting of each area.  
The term “geothermal fluid” is used to express the type of fluid which is heated from beneath 
the Earth's crust and subsequently discharged at the surface or the seafloor where are located 
in active or recent magmatism or anomalous crustal condition, shown the example case in 
Figure 1.1-1.  
In the hydrological cycle, the main sources of geothermal water include meteoric water, snow, 
and ice melt, those of which have the lowest chemical concentration compared to other kinds 
of natural water. These sources of water are accumulated on the earth surface then driven out 
by other processes for instance, surface runoff, evaporation, and vegetation. The remaining 
water percolate through the soils and the bedrock, thereafter, the water is heated from the 
geothermal reservoir. As a consequence of chemical and/or physical processes under 
subsurface, the concentrations of many components in the geothermal fluids are dissolved from 
the minerals of the host rock and soil. During ascending processes, the temperature of the 
geothermal fluid may be decreased by mixed with shallow cold water or the temperature 
gradient of the area. Subsequently, the chemical concentration in the fluids transfer to 
precipitating new mineral assemblages. In contrast, the minerals in the host rock are lost and 
are changed by the fluid in the physiochemical from the origin, which is regarded as 
hydrothermal alteration. The degree of these processes depends on the nature and composition 






Figure 1.1-1: Conceptual model of Fang geothermal system from Amatyakul et al., (2016). It 
shows the flow path and the geothermal reservoir. 
1.2 General overview – Geothermal study in Thailand 
In Thailand, sustainable energy is the one issue that the government concerned for a long time. 
In present, the demand for electricity consumption is still rising that is increased to be 85% 
higher in 2017 than in 2002 (EPPO, 2018). It led to the exploration and development of 
geothermal resources for electricity generation since 1946 (Raksaskulwong, 2015, 2011, 
2008).  
Various national and international organizations investigated and evaluated the geothermal 
potential and the possibility of utilizing geothermal energy for electricity generation in the 
northern part of Thailand. (Korjedee, 2002; Raksaskulwong, 2011, 2008). The field 
explorations have been found in total 112  hot springs in Thailand with surface temperatures 
ranging from 40 to 100 °C, which are manifested and scattered mostly at the granite body from 
the north to south of the country (DAEDE, 2007; Sanmuang, 2009). These hot springs are 








Figure 1.2-1: Distribution map of 112 hot springs in Thailand and the study areas, redrawn 
after DAEDE, (2007a) and the topographic map. 
1.3 Research motivation 
Most of the geothermal investigation in Thailand are focus on the higher surface temperature 
hot springs, are mostly located in the northern part of the country (Raksaskulwong, 2015, 2011, 
2008). However, a few of high-geothermal potential area were successfully developed the pilot 
geothermal power plans and geothermal drilling well, for instance; Sankampaeng, Fang, and 
Mae Chan (Geothermica Italiana Slr., 1984; Raksaskulwong, 2015; Ratanasthein et al., 1988).  
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Two high geothermal potential areas for electricity generation, called Fang and Mae Chan, are 
located in the NE-SW Mae Chan fault in the northern part of Thailand. These areas have been 
continuously investigated and successfully installed the geothermal utilization facility 
(DAEDE, 2007a; Sanmuang, 2009), for instance; a pilot binary power plant producing 300 kW 
of electricity in Fang area (Geothermica Italiana Slr., 1984; Raksaskulwong, 2015; 
Ratanasthein et al., 1988), and a demonstration agro-products cold-storage (ammonia-water 
absorption refrigeration system) with drying facility in Mae Chan area (DAEDE, 2007a; 
Singharajwarapan et al., 2012). 
And once again, the recent geothermal potential investigation from DGR, (2016), these two 
areas are considered as the five highest potential hot springs in Thailand. However, some low 
potential hot springs along the Mae Chan fault line were neglected. Moreover, the repeated 
measurements from some investigations show that there is a high change in flow rate and outlet 
temperatures of thermal waters. For instance, San Kamphaeng hot springs,  located in the 
northern part of Thailand, has been now hypothesized that these variations may be associated 
with natural causes such as earthquakes or human activities (Apollaro et al., 2015; 
Singharajwarapan et al., 2012). 
On the other hand, the low enthalpy (low-temperature) hot springs in Thailand can be 
practically utilized for spa bathing, agriculture crop drying, and other functions 
(Raksaskulwong, 2004). In Ranong Province, the hot springs contain very low chemical 
concentrations (Chaturongkawanich and Leevongchareon, 2000; DAEDE, 2007a) and become 
locally tourist attractions in the southern part of the country. Because of that, the Raksawarin 
hot springs (RN1), and Phorn Rung hot spring (RN3), in particular, have been affected by the 
increasing number of seasonal tourism while the National park committee are attempting to 
respond to a greater public demand for access. To minimize environmental impacts within the 
area, it is therefore necessary to conduct a comprehensive study of the natural hydrodynamic 
system, which would further evaluate the availability and sustainability of groundwater 
resources. A few works have investigated to characterize the geological (Kosuwan and 
Nakapadungrat, 1992), hydrological (DAEDE, 2007a), hydrochemical (Chaturongkawanich 
and Leevongchareon, 2000) and the heat source (Khoonphunnarai, 2009; Sanmuang, 2009) of 
these hot springs. The studies found that thermal water can possibly dilute or be derived from 
precipitation water at the same shallow reservoir (Chaturongkawanich and Leevongchareon, 
2000). However, the hydrogeological cycle of these hot springs is still considered ambiguous 




In the present, environmental isotope and geochemistry can provide essential hydrogeological 
information, for instance; origin, flow part, reservoir temperature, chemical reaction, 
weathering process, dissolution process, mixing history, etc. However, these isotopes and 
geochemistry should interpret collectively with the geological data. 
This Ph.D. dissertation integrated the applications of natural hydrogeochemical and isotopic 
composition in water and rock minerals to comprehensively evaluate and improve the 
understanding of these hydrothermal systems. The details are described in the further chapter. 
1.4 Environmental isotope and geochemistry of geothermal fluid and rock minerals 
Since the environmental isotope and geochemistry of geothermal fluid are controlled by the 
chemical and physical processes along the flow path. These composition characteristics have 
been used as tracers in numerous studies and have been involved in all stages of the exploration, 
evaluation, and monitoring of geothermal production (Nicholson, 1993). These are widely 
useful for determining essential hydrogeological information and reflecting the origin and 
history of the subsurface flow (Apollaro et al., 2015; Arnórsson, 2000; Clark, 2015; Dotsika et 
al., 2010; Petrini et al., 2013). The most frequently used environmental isotope and 
geochemistry are given below: 
Major ion is a common geochemical species constitute around 95 % of the total dissolved 
solids (TDS) in natural water, comprised of major cations and major anions. The major cations 
comprise of two alkaline-earths (Ca2+ and Mg2+) and two alkali metals (Na+ and K+). The major 
anions comprise of the carbonate species (HCO3-, and CO32-), sulfate (SO42-), and chloride 
(Cl-). These seven geochemical species are derived from the chemical reaction, weathering 
process, dissolution process, mixing history between natural water and the minerals from soils 
or host rock (Clark, 2015). Moreover, these species can also be derived from the anthropogenic 
origins, such as; industrial, municipal and agricultural activities. In general, these major ions 
consider with the other techniques, for instance, minor species, the isotope of the element. 
Isotopes are atoms of the same elements that have the same number of proton but have different 
numbers of neutrons. It has been discovered in two types, stable isotopes, and radioactive 
isotopes. 
Stable isotopes, such as 2H, 18O, and 13C, are no appreciable change with time, are 
commonly used mass dependence fractionation and mass independence fractionation for 




affected these isotopes (Battistel et al., 2016; Gat et al., 2001; Han et al., 2012; Han and 
Plummer, 2016; Hoefs, 2009; Négrel and Giraud, 2011). In particular, the stable isotopes ratio 
of water ( 2H and 18O), can provides the water origin as a function of geo-hydrological and 
meteorological factors, the degree of water-rock interaction, groundwater mixing, and recharge 
elevation of the thermal water (Dotsika et al., 2010; IAEA, 1993; Wang et al., 2018). Carbon 
stable isotope ( 13C) of dissolved carbon (DC) is an identifying application of carbon source 
interacting with the groundwater (Han et al., 2012; Han and Plummer, 2016; Hoefs, 2009). 
Radioactive isotopes have an unstable atomic nucleus that changes with time by decay 
processes. The nucleus emits energy and particles to a more stable form. Natural Radioactive 
isotopes are produced from the interaction of atmospheric gases with cosmic radiation. The 
precipitation obtains these unstable isotopes then infiltered to the subsurface. The water is 
isolated from the atmosphere. The decay process is beginning. Hence, the decay time from 
discharged water represents the residence time of the fluid in the subsurface. The important 
radioisotopes in hydrology investigation are tritium (3H) and radiocarbon (14C). 
Radioactive hydrogen isotope or Tritium (3H) has half-life 12.32 years, can estimate the travel 
time in the rage from 0 to 60 years before present (BP). Tritium is an important conservative 
tracer for groundwater dating because of this is involved in the water molecule. For the 
interpretation, the 3H in subsurface water comparing with 3H in rainfall from the atmospheric 
nuclear tests in the 1950s-1960s represented the input function of the system (Cartwright and 
Morgenstern, 2012; Clark, 2015). 
Radiocarbon dating (14C) can be applied to estimate the age of groundwater from dissolved 
inorganic carbon (DIC) and can be illustrated on the ten thousand years’ timescale 
(approximately 0–45,000 years’ timescale depending on the analytical methods) (Cartwright 
and Morgenstern, 2012; Han et al., 2012; Han and Plummer, 2016). Moreover, the correlation 
between 14C, 13C, and DIC in groundwater can be taken into consideration to improve the 
radiocarbon age and tracking-back of the carbon complex reaction (Chen et al., 2010; Han et 
al., 2012).  
Rare earth elements (REE) or lanthanides are comprised of 14 metals from Cerium (Ce) to 
Lutetium (Lu). These metals are systematically increase in the nuclear charge and decrease of 
ionic radius in order to La to Lu. These elements have similar chemical behavior and are mostly 
not involved inbounding. In the geothermal system, the REE compositions are commonly 




However, the pattern of these elements is sensitive to change in pH, redox and 
adsorption/desorption reactions. Therefore, the variation in REE composition and pattern in 
water samples may be used as an indicator for understanding the fractionation mechanism 
during alteration of rock and fluid transport, the history of rock alteration, and the state of 
equilibrium in water-rock interaction (Möller, 2007).  
Strontium (Sr) has four natural isotopic abundance, for instance; 88Sr (82.58%), 87Sr (7%), 
86Sr (9.86%), and 84Sr (0.56%). Sr readily substitutes for Ca in the minerals due to the similarity 
of the atomic radius. In the geological investigation, mineral crystallization generates the 
differences in the quantity of Rb and/or Sr of the major minerals in the granitic rock, comprised 
of; feldspar (plagioclase and potassium feldspars), and mica (biotite and muscovite) minerals. 
Moreover, the radioisotope Rb can substitute for potassium (K) in the minerals and decay to 
87Sr over time with half-life 48.8 billion years. Therefore, the difference age of K-bearing 
minerals has differences in the 87Sr/86Sr ratio. Dissolved Sr in natural water is derived from 
different sources which generally represent a mixture of the atmospheric inputs and weathering 
products from minerals and rocks (Négrel and Giraud, 2011; Petelet-Giraud et al., 2003). In 
theoretically, the highest dissolution rate in the granitic minerals is plagioclase (Petelet-Giraud 
et al., 2003) which likely are the dominant source of radiogenic Sr in the water. However, the 
87Sr/86Sr ratios in water draining granite are in between the 87Sr/86Sr ratios from the plagioclase 
mineral and the whole rock. Hence, the interpretation should not avoid the high Sr isotopic 
ratio from the other minerals  (Clow et al., 1997; Lasaga, 1984; Zuddas et al., 1995). Therefore, 
Sr isotopic ratios in minerals and subsurface water can provide information on the origin of 










1.5 Research objectives 
The main purpose of the thesis is to increase understanding of natural hydrothermal processes 
and water-rock interaction in the study areas. Different hydro-geochemical and isotope 
techniques are applied in order to achieve these aims, 
• Major ions characterize the processes controlling hydrochemistry, the reservoir 
temperature estimation, and reservoir depth estimation. 
• The stable isotope of water ( 2H and 18O) identifies the origin of geothermal 
water and recharge elevation. 
• The stable isotope of carbon ( 13C) identifies the source of carbon in geothermal 
water. 
• Radioactive isotopes (Radiocarbon and Tritium) estimate the travel time of 
thermal water.  
• REE in thermal water and in mineral identify water-rock interaction. 















1.6  Thesis structure 
This thesis presents the applications of environmental isotope and geochemistry of water that 
were applied and developed for understanding of natural hydrothermal systems and water-rock 
interaction in Mae Chan and Ranong geothermal areas. The thesis consists of seven main 
chapters and given below: 
The current chapter (Chapter 1) introduces a general concept of the hydrothermal system and 
their characteristics, general overview of geothermal study in Thailand, the research 
motivation, the research objectives, and the structure of the thesis.  
Chapter 2 is divided into two sub-chapters based on each studied area. This chapter describes 
a detailed geographic location and topography, climate, regional geology and structures, 
hydrogeology.  
Chapter 3 is the methodological part of the dissertation. This chapter divided into eight sub-
chapters belong under sampling and analytical methods, identification of water sources, water 
classification and geochemical processes, recharge elevation, the residence time of thermal 
water estimation, geothermometers, the reservoir depth estimation, water-rock interaction. 
Chapter 4 and Chapter 5 are the results, interpretation, and discussion chapters from Mae 
Chan and Ranong areas, respectively. The rock and water results demonstrate under the 
parameter from methods and procedures in Chapter 3. The interpretation part focuses on 
characterization and evaluation of hydrochemistry and origin of water from the stable/radio 
isotope and chemical application, geothermal assessment from geo-thermometry application, 
water-rock interaction from REE and Sr isotope composition in water related to mineral. The 
discussion part focuses on the hydrological conceptual model in each location that obtains from 
isotope and hydrochemistry of the geothermal area. 
Chapter 6 provided the comparison of similarity and difference between Mae Chan and 
Ranong geothermal area.  
Chapter 7 provided a general combined conclusion regarding the results obtain from all of the 
application methods and procedures within this study. Moreover, the chapter presents the 










2 Description of studied areas 
2.1 Mae Chan area 
2.1.1  Geographic location and topography 
The study area is located within UTM zone 47N, from 503500E to 609000E and from 
2182000N to 2263000N, on the border of the Chiang Mai and Chiang Rai provinces in the 
northern part of Thailand (8 km away from Mae Chan district), covering approximately 1,175 
km2 (Figure 2.1-1). 
 
Figure 2.1-1: Topographic map of the study area with sample location in Mae Chan.  
2.1.2  Climate 
The area has a tropical monsoon climate, with an annual mean air temperature of 24.4 °C, mean 
rainfall of 1,690 mm/year, mean humidity of 72-74% and mean potential evaporation of 
1,269.48 mm (Thailand Meteorological Department, 2011). 
2.1.3  Regional geology and structures 
The most significant tectonic feature in the study area is the ENE-WSW-trending Mae Chan 
fault in the hilly and mountainous terrain. This active fault is a left-lateral strike-slip fault 
(Fenton et al., 2003; Wood et al., 2004). The fault line is clearly visible via satellite, extending 
185 km from the Thai–Lao border in the east, and terminating at Fang basin in the SW direction 





composed of Mae Sai and the Fang basins (F. Ridd et al., 2011), yet the lithologic contacts are 
still considered ambiguous and the evidence for faults are not widely understood (von Braun 
and Hahn, 1981; Chaturongkawanich et al., 1980; Imsamut and Krawchan, 2005; Wood, 2018). 
Both basins are classified in half-graben structures, defined as the Fang basin-Mae Chan Fault-
Mae Sai basin system (Fenton et al., 2003; Morley et al., 2011; Wood et al., 2004). The 
geological and tectonic setting of Mae Chan area are shown in Figure 2.1-2. 
The western extent of the Mae Chan Fault bends south at the western margin of the Fang basin 
(Morley, 2011). The Fang basin is a fault tip basin that developed within a transtensional splay 
zone of the sinistral strike-slip Mae Chan fault system (Uttamo et al., 2003). West of the Fang 
basin is an N-S trending belt of west-dipping, folded, Paleozoic sedimentary rocks extending 
west beyond the Myanmar border (Wood et al., 2018). The east side of the Fang basin is mostly 
Triassic unfoliated porphyritic granite intruding into Carboniferous sediments and overlain by 
Jurassic continental sediments (von Braun and Hahn 1981; Imsamut and Krawchan 2005).  
 
 
Figure 2.1-2: Geological map of the study area along with faults line and sample location in 





The stratigraphy of the Fang basin area is comprised of three units. The crystalline rocks unit, 
which is presumably of Triassic age, features medium to high-grade metamorphic rock (mica 
schist and mylonite gneiss). The Paleozoic sediments units observed in outcrop are primarily 
thick-bedded quartz sandstone with interbeds of shale and massive limestone. The Cenozoic 
basin sediments create the Mae Sot formation, Mae Fang formation, and an undeformed 
alluvial fan and colluvium deposits (Amatyakul et al., 2016; DGR, 2017; Wood et al., 2018). 
Base on three dimensional magnetotellurics (MT) data in the Fang geothermal area (Amatyakul 
et al., 2016) indicated that two faults are in this area. The Mae Chan Fault forms a steeply 
dipping contact of Paleozoic sedimentary rocks with Cenozoic alluvial fan deposits and the 
underlying coarse-clastic sediments of the Fang formation. The second fault, named the Doi 
Kia detachment fault, is a low-angle detachment fault, delineated along the Mae Chan fault in 
the NE-SW direction and places the Paleozoic sedimentary rocks over gneiss, foliated granite, 
and mylonite.  
The eastern extent of the Mae Chan fault contacts the southern end of the Mae Sai basin and 
also bounds the southern part of the Wiang Nong Lom swamp. The Mae Sai basin developed 
as a pull-apart basin between the sinistral movement of the Nam Ma (NMF) and Mae Chan 
faults (MCF) (Uttamo et al., 2003). The regional geology of this area is comprised of Permian–
Triassic rhyolite, ash-flow tuff, Triassic unfoliated granitic rocks and unconsolidated 
Quaternary sediments that are mainly fluvial, colluvial and alluvial deposits (Amatyakul et al., 
2015; Wood et al., 2004).  
The stratigraphy of the Mae Chan geothermal area is described into three units from older to 
younger age. 1) Permian–Triassic rhyolite unit comprised of fine ash tuff, coarse ash tuff, and 
tuff. 2) Triassic crystalline rocks unit comprised of phenocryst coarse grained granite, 
equigranular granite, and foliated or stress granite. 3) Unconsolidated and poorly sorted 
quaternary sediments, with sizes ranging clay to well-rounded cobbles (Amatyakul et al., 2016; 
DGR, 2017b; Wood et al., 2018). 
Recent studies have shown that the geothermal water in northern Thailand is Na-HCO3 type 
with outlet temperatures ranging from 50 to 100 °C. These hot springs may be associated with 
the Triassic (?) granitic rocks (Apollaro et al., 2015; DGR, 2017a; Subtavewung et al., 2005). 
Two high geothermal potential hot springs, the Fang and Mae Chan, arise from shallow 
geothermal reservoirs less than 500 m below the surface (Amatyakul et al., 2016, 2015). 




finding that 955 ± 292 before present (BP) in Fang and 507 ± 97 BP in Mae Chan hot springs. 
The water and carbon isotopic compositions of the Fang thermal water suggest that the water 
originated from meteoric water and the CO2 gas was derived from the volcanic CO2 (Kita et 
al., 1990). 
2.1.4  Hydrogeology  
The main hydrological system in the Mae Chan area is the Kok river basin. The basin covers 
Chiang Rai and Chiang Mai provinces in the northern part of Thailand, covering approximately 
7,895 Km2. The main river is Kok River originally flow from Chiang Tung mountain in the 
north of Burma and subsequently accumulated meteoric water belong to the several small 
channels from the mountain. The main in-flow of this river is in the Mae Ei, flow in the east 
direction through the Amphoe Mueang Chiang Rai, then flow in the north-eastern direction to 
Amphoe Chiang Saen and flow out to the Kong River in Tambon Ban Sew, Amphoe Chiang 
Saen, Chiang Rai province. 
Geothermal water exploration in Thailand has been investigated since 1946. Currently, two of 
seven hot springs along the Mae Chan fault zone have been considered as the five highest 
potential hot springs in Thailand by the Department of Groundwater Resources (Amatyakul et 
al., 2016, 2015; DGR, 2017a). The discharge thermal waters from these seven hot springs 
illustrate low to medium enthalpy (between 40 and 100 °C) and associated with Triassic (?) 
granitic plutons. Ratanasthein et al., (1988) described the information of these hot spring as 
follows; 
1) Huai Mark liam hot spring (CR-02) is located near Kok riverbank at UTM 47Q, 
0571177E and 2207545N, in Doy Hang Sub-district, Mueang District, and Chiang Rai 
Province. Approximately 20 km away from the city of Chiang Rai, Huai Mark Liam hot spring 
is administered by Lam Nam Kok National Park. The natural hot water, which flows through 
the fracture systems of Triassic Porphyritic granite during high-temperature and high-pressure 
conditions, is discharged at an elevation 420 m MSL into a 10 x 12 m natural pool. The 
discharged water from the hot spring has temperatures of 67 °C at the surface and contains a 
low concentration of dissolved chemical species such as fluorite, nitrate, sulfate, iodine, and 
bubble gas and small amounts of sinter and sulfur. 
2) Pha Soet hot spring (CR-03) is located 300 m far from the Kok river at UTM 47Q, 
0555992E and 2172634N, in Doy Hang Sub-district, Mueang District, Chiang Rai Province. 




during high-temperature and high-pressure conditions, is discharged to an 8 x 12 m concrete 
hot pool. The discharged water from the hot spring has temperatures of 70-80 °C at the surface 
and contains many bubbles gas and small amounts of sinter, and sulfur, carbonate, and Silica.  
3) Pong Phra Bath hot spring (CR-08) is situated in alluvial river terrace along with Huai 
Pa Sang fault and Ban Du fault line in a northwest to the southeast direction in Ban Du Sub-
district, Mueang District, Chiang Rai Province. The natural hot water, which flows through the 
fracture systems of fine- to-coarse grain Hornblende Biotite of Triassic granite, is discharged 
at an elevation 300 m MSL and presently covered by an 8 m diameter concrete pool. The 
discharged water from the hot spring has temperatures of 45-53 °C at the surface and contains 
the low concentration of dissolved chemical species such as fluorite, nitrate, sulfate, iodine, 
bubble gas and small amounts of sinter and sulfur. 
4) Mae Chan hot spring (CR-04 and CR-09) is located on the Mae Chan Riverbank along 
the Mae Chan fault at UTM 47Q, 0583496E and 2224752N, in Pa Tueng Sub-district, Mae 
Chan District, Chiang Rai Province. The hot spring located far away from the city of Mae Chan 
approximately 8 km covering an area of approximately 2.4 hectares (F. S. Singharajwarapan 
et al., 2012). During 1983-1984, the Department of Mineral Resource (DMR) and the United 
Nations Development Programme (UNDP) initiated the geothermal research in the Northern 
part of Thailand, which found that the Mae Chan geothermal field exhibited high potential for 
electricity generation (Singharajwarapan et al., 2012). The surface temperature from natural 
spring ranges between 54 - 98 °C. In 1996, the Department of Energy Development and 
Promotion (DEDP) was set up the utilization of hot water from the shallow system (less than 
100m) for agriculture purpose projects. Two 100 m depth exploratory wells were drilled: PR1 
and PR2. Unfortunately, PR1 well did not flow and thus had no temperature data but the water 
from PR2 well raised up to 15 m high, with a flow rate of 5.94 l/s and a temperature of 122 °C 
(Raksaskulwong, 2011). The head-on resistivity profile shows the temperature profile of well 
PR2 raises from 87 to 122 °C from 0 - 9 m depths, but the temperature curve was broken at a 
depth 57 m. The resistivity survey in 2004 drilled a 56-m borehole, produced 5.6 l/s of 94 °C 
water spouting 20 m into the air. This drilling well were installed a demonstration agro-
products cold-storage (ammonia-water absorption refrigeration system) and drying facility for 
processing the local agriculture product (Ramingwong et al., 2000). All the springs emanate 
from fractures in outcrops of porphyritic granite or from the alluvium in the river bed 
(Manoovoravong and Virapun, 1996). Amatyakul et al., (2015) used Magnetotelluric (MT) 




reservoir is mostly settled less than 500 m below the surface and there are two conductive zones, 
the main heat sources, in weathered and fractured granite covered by sedimentary deposits. 
5) Mallika hot spring (CM-16) is exposed from quaternary alluvial in Ban Muang Ngam, 
Taton subdistrict, Mae Eye District, Chiang Mai Province, 25 km far from Mae Eye district. 
This hot spring is evidently associated with porphyritic granite from the Triassic period. The 
discharged water from the hot spring has temperatures of 56 - 66.4 °C on its surface and 
contains the concentration of dissolved chemical species such as fluorite, carbonate, and silica. 
The spring exposes many gas bubbles and small amounts of sinter and sulfur. (DAEDE, 2007b) 
6) Fang hot spring (CM-03) is located in UTM 47Q between 0555992E and 2172634N 
cover about 60,000 m2. Situated in Mon Pin subdistrict, Fang district, Chiang Mai province, 
approximately 140 km north of Chiang Mai Province, this area is administered by Doi Pha 
Hom Pok National Park. More than 100 hot pools manifest in this area; the surface temperature 
of the hot springs is above 90 °C, with the highest temperature measuring 99.5 °C, and the pool 
vary in size from 5 cm to 1 m in diameter. Some of these hot spring are geysers that explode 
up to 15-30 cm above the surface at intervals 15-45 s (Geothermica Italiana Slr., 1984; Tulyatid 
et al., 2014).  
For more than 30 years, the Thai government has focused on the highest surface temperature 
in the Fang region for the utilization of geothermal electric power plants. In 1982, the Fang 
Geothermal Development Project was established in cooperation between the Electricity 
Generating Authority of Thailand (EGAT) and the French Agency for Energy Management 
(AFME) with the aim to study the Feasibility of using hot water from the shallow reservoir 
(less than 100 m) to install a binary cycle demonstration plant of 100-300 kWe. Twelve 
exploration wells (FGTE series) and eight slim holes (BH series) have been drilled and produce 
hot water at 105 °C and 0.4 bars at a discharge rate of up to 14 l/s (Geothermica Italiana Slr., 
1984; Tulyatid et al., 2014). 
From late 1985 to early 1986, the production reliability of power plant in the Fang area was 
confirmed by drilled two exploration wells, FGTE-14 and FGTE-15, in low-resistivity 
anomalous zones, EGAT decided to obtain a binary power plant of 300 kWe capacity for the 
demonstration which started on, 1989. As of now, this power plant still working (Wanakasem 
and Takabut, 1987) 
In 1990, the French Environment and Energy Management Agency (ADEME) started the Fang 




(FX1- FX4) have been drilled with a target for 500 m deep, and electrical surveys have been 
carried out. These data were interpreted, the normal vertical drilling was found to have a very 
high risk because the geothermal reservoir was related with faults that laid down a very steep 
dip (Korjedee, 2002). Therefore, this project is not successful, and the geothermal utilization 
project no longer receive attention (Korjedee, 2002). The earlier Magnetotelluric (MT) results 
(Amatyakul et al., 2016) indicated the two local faults of the area and two conductivity zone. 
The local faults structures are N-NW trending Mae jai fault and low-angle detachment Doi kai 
fault. The hot springs conducted with the shallow zone (<50 m) interpreted as impermeable 
clay zone, and the surface to 500 m depth interpreted as the pore of sedimentary rock and 
altered granite fracture. 
7) Wiang nong lom hot swamp (WNL) is a large swampy area about 7 km wide and 15 
km long that appears to be a sag or downward from half-graben structures along the Mae Chan 
fault in the northwest. In the middle of a floating-grass swamp in this area found the warm 
springs whose surface temperatures approximately 41.1 °C and which have an estimated flow 
rate of 2.1 L/s. The results from seismic reflection lines shown that the Meta-volcanic Mesozoic 
bedrock was covered by 130-170 m thick sediments (Wood et al., 2004; Wood and 




2.2 Ranong area 
2.2.1  Geographic location and topography 
The study area is approximately 1,175 km2 located in the Ranong province in the southern part 
of Thailand, approximately 600 km from Bangkok metropolis area (Figure 2.2-1). This area 
lies within UTM 47N (0450000E to 4750000E and from 1075000N to 1122000N) and features 
mountainous topography. The elevation is highest (approximately 630 m AMSL, about 86% 
slope) at the eastern border of the province run and gradually decreases to the west in a narrow 
flat plain (approximately 20 m AM.S.L., about 14% slope). 
2.2.2  Climate 
With a tropical monsoon climate, the study area has an annual mean air temperature of 27.1 °C, 
rainfall of 4,068.4 mm/year, humidity of 79.6% and potential evaporation of 1,308 mm 
(Thailand Meteorological Department, 2011). 
Precipitation in Thailand is associated with a stream of warm moist air (high pressure) from 
the Indian Ocean calling Inter-Tropical Convergence Zone (ITCZ) which is controlled by a 
southwest monsoon and northeast monsoon. The southwest monsoon carries the clouds and 
convective precipitation of the ITCZ from the southern part of the country to southern China, 
causing precipitation between late April and early July. Cool and dry air (low pressure) create 
the northeast monsoon, driving the ITCZ southwest toward southern Thailand in September 
(the wettest period), staying until November. 
2.2.3  Regional geology and structures 
The oldest geological units in the area is a 2 - 3 km thick of Carboniferous-Permian marine 
sediment, which is the Kaeng Krachan Group (Figure 2.2-2; DMR, 2014; F. Ridd et al., 2011). 
This group is composed of gray mudstone, siliceous shale, sandstone, characteristic diamictites 
and conglomeratic sequences (Ueno, 2003; Watkinson et al., 2011). Quaternary aged terrace 
sediment (composed of gravel sand and silt), and from alluvial sediment (composed of clay 
and beach sand) are the youngest units, outcropping along the surface flow near the coastal 
area and covering the oldest units in the western part of the study area (Ueno, 2003; Watkinson 












Figure 2.2-2: Geological map of the study area along with faults line and sample location in 







The major fault in the study area is the left-lateral strike-slip Ranong fault that cuts across the 
Thai peninsula from northeast to southwest and links the Gulf of Thailand and the Andaman 
Sea (DMR, 2007; Watkinson et al., 2011). Moreover, there are several NW-SE conjugate faults 
line with the NE-SW Ranong fault and different direction of hundred fractures in the vicinity 
of the hot springs. These faults and fractures control the hot spring system (Chaturongkawanich 
and Leevongchareon, 2000). Undeformed medium- to high-grade metamorphic rocks intruded 
along the Ranong faults during the Precambrian to Carboniferous (?) age and feature 
amphibolite facies orthogneiss, and meta-sediments (Chaturongkawanich and Leevongchareon, 
2000). The geophysical investigation results in Ranong granite by Watkinson et al., (2011) 
indicated that the thickness of the granite in this study area is 1.7 km. 
The intrusive Cretaceous-granite batholith in the Ranong province is part of the western 
province granitic belt group, which has been interpreted as predominantly S-type and I-type 
granitic rocks (F. Ridd et al., 2011). Kosuwan and Nakapadungrat, (1991) classified the 
intrusive granite into six categories (Figure 2.2-2): Khlong Ban Rin (Kgr-br), Khlong Ngao 
(Kgr-ng), Leucocratic (Kgr-l), Thung Ka (Kgr-tk), Khao Nom Sao (Kgr-ns), and Haad Som 
Pan (Kgr-hsp).  
The largest pluton, Kgr-br, passes from the northern part to the southern part of the area and is 
described as porphyritic biotite-muscovite granite with a maximum phenocryst size of 2 - 5 
cm.  
The second-largest pluton is Kgr-ng, which formed the crystal foliation from the tectonic force 
until the shape of the feldspar changed to augen shape. The mineral compositions of both these 
granites are similar. The major mineral compositions are K-feldspar, plagioclase, quartz, and 
biotite; only, Kgr-br contains muscovite (Kosuwan and Nakapadungrat, 1991). 
The discharged temperature of the thermal waters varies between 36 °C - 66 °C. These thermal 
waters discharge along the two regional intrusive batholiths.  
2.2.4  Hydrogeology 
The surface flow system is accumulated from the precipitation at high elevation and flows 
through several small streams about 20 to 30 km long to the Kraburi River and eventually the 





In total six hot springs have been located along the regional intrusive batholith, namely: 
Raksawarin hot spring (RN1), Phu Lum Phi hot spring (RN2), Phorn Rung hot spring (RN3), 
Khlong Bang Rin hot spring (RN4), Rattana Rangsan hot spring (RN5), and Hatyay hot spring 
(RN6).  
1) Raksawarin Hot spring (RN1), also called Wat Thapotharam hot spring, actually 
encompasses three hot springs; Por hot spring (RN1-1), Mae hot spring (RN1-2) and Lok Saw 
hot spring (RN1-3). These hot springs located near the canal area of Khlong Had Som Paen at 
UTM 47Q, 0461805E and 1100853N, in Muang district, approximately 2 km away from the 
city of Ranong. Up to the present time, these Raksawarin hot springs have been administered 
and developed by the Ranong Municipality for spa facilities to stimulate local tourism 
industries and related businesses such as spa, shops, restaurants, and recreations.  
 - Por hot spring (RN1-1) is exposed in the middle of Khlong Had Som Paen) and has 
the highest geothermal potential in this area. At the surface, this spring is a 2.8 m diameter 
circular concrete pool rising, one meter above the ground surface.  
 - Mae hot spring (RN1-2) and Lok Saw hot spring (RN1-3) are artificial circular 
concrete pools that are 1.5m and 2 m in diameter, respectively. Both are approximately one 
meter above the ground surface. Both springs are located on the east side of Khlong Had Som 
Paen river. 
The discharged waters from these hot springs have an estimated flow rate of 600 m3 per 
day with a range of temperatures from 40 °C to 65 °C at the surface, contain rather low 
concentrations of dissolved chemical species, and are slightly alkaline (8.4 pH). The springs 
release little CO2 gas, little steam, and exhibit no algae or H2S smell. The alteration minerals 
of cryptocrystalline calcite are present. These hot springs appear to be associated with Triassic 
porphyritic granite (144-65 Ma) along the Ranong fault direction (Chaturongkawanich and 
Leevongchareon, 2000; DAEDE, 2007b). 
2) Phu Lum Phi hot spring (RN2) is located near an abandoned tin mine at UTM 47Q, 
459678E and 1094986N, approximately 600 m from Khlong Bang Rin River in Bang Rin sub-
district, Mueang district, Ranong province. The naturally hot water discharges at an elevation 
15 m above MSL that and covered by colluvium. The administrative organizations of the Bang 
Rin sub-district have built an octagonal artificial concrete pool (approximately 19 m2, and 0.8 
m above ground surface) at the surface of RN2. The naturally warm water from this pool has a 




chemical species such as CO2. This spring has no H2S smell, algae, alteration minerals, and is 
slightly alkaline. RN2 is geologically associated with north-south oriented lenses of porphyritic 
Ngao-granite, situated in the western part of Bang-Rin granite (Chaturongkawanich and 
Leevongchareon, 2000; Office of Development Tourism, 2006; Office of Natural Resources 
and Environmental Policy and Planning, 2014). 
3) Phorn Rung hot spring (RN3), consists of, three hot springs located in the east bank of 
Phorn Rung River at UTM 47Q, 0460779E and 1093733N, at the Khao Cheng Plu area in Bang 
Rin sub-district, Muang District, Ranong Province. The temperatures of the warm water from 
these three hot springs vary between 38 °C and 40 °C at the surface. This water contains the 
low concentrations of dissolved chemical species (such as CO2), has no H2S smell, little yellow 
algae, is slightly alkaline with a pH of 8.4, and has a low flow rate (less than 1 l/sec in each 
pool). This water discharges at an elevation of about 60 AMSL and is covered by three concrete 
pools; the two circular pools have 1.5 diameters and the third, oval pool is 4 x 6 m diameter. 
All three pools have approximately 1.2 m above the ground surface. These hot springs are 
geologically associated with Triassic porphyritic granite (144-65 Ma) along the Ranong fault. 
Up to the present time, the Ngao Waterfall National Park Committee has administered the hot 
springs, building soaking hot pools and guest houses to strengthen the tourism sectors 
(Chaturongkawanich and Leevongchareon, 2000; Office of Development Tourism, 2006; 
Office of Natural Resources and Environmental Policy and Planning, 2014). 
4) Khlong Bang Rin hot spring area (RN4) was discovered below Khlong Ban Rin within 
fractured rocks ranging from one centimeter to one meter in diameter. The hot water is 50 °C 
at the surface with clear water, little CO2, no H2S smell, and no algae (Office of Development 
Tourism, 2006). The present, the study did not collect the water samples for chemistry data at 
this site. 
5) Rattana Rangsan hot spring (RN5), which is located close to an abandoned tin mine 
near the base of the mountain at UTM 47Q, 0455870E and 1080669N, is located in the area of 
Fort Rattana Rangsan, Ratcha Grute sub-district, Muang district, Ranong province. Three 
circular concrete pools with diameters of 1.5 m cover the naturally hot water to a height of 0.3 
m above the ground surface. This water was later utilized for consumption inside the fort. This 
hot spring has an estimated flow rate of approximately 4.14 m3 per hour, with a range of 
temperatures from 43 °C to 45 °C at the surface and contains low concentrations of dissolved 




whitish and greenish algae, as well as alteration minerals. This hot spring geologically inclines, 
relating to the granite of Cretaceous age (Office of Development Tourism, 2006). 
6) Ban Hat Yay hot spring (RN6) is located in Lam Nam Kra Buri National Park 
Protection Unit, administered by Kra Buri National Park Committee, and includes four hot 
springs, two of which are covered by 1.5 m diameter concrete pools. The third hot spring is 
covered by a 3 m long artificial concrete weir, and the fourth hot spring is covered by an 
artificial soil pool (1.5 m in diameter and at 0.3 m depth below the ground surface). These four 
natural springs presumably associate with porphyritic-phaneritic-granite of Cretaceous age 
with a temperature of about 40 °C at the surface (Office of Natural Resources and 











3.1  Sampling and analytical methods  
This study attempts to evaluate the natural hydrothermal systems and water-rock interaction in 
the study areas by applying the hydro chemical and isotope data from water and rock. 
According to tropical monsoon climate, the studied area has highly variable in the annual 
rainfall which may affected on the shallow aquifer and surface water. Hence, hot water from 
hot spring surface discharges (surface manifestations) and cold water from surface waters 
(streams and lakes) along the sampling locations were carried out on seasonal basis, namely 
post-monsoon seasons (December 2014) and pre-monsoon seasons (March 2016). In total, 
eight hot water and six surface waters are sampled in Mae Chan, shown in Figure 2.1. In total, 
twelve hot water and six surface waters are sampled in Ranong area, shown in Figure 2.2. 
Moreover, seven meteoric water samples were collected from the Ranong area in 2014 for 
investigating the geochemical processes in these areas. The rock samples were collected from 
surrounding hot springs in March 2016 (four rock samples for Mae Chan and three rock 
samples for Ranong). The sample details in each study area are explained in the results chapter 
(Chapter 4 for the Mae Chan area and Chapter 5 for the Ranong area). 
3.1.1  Measuring of field parameters  
The water field parameters, comprised of; dissolved oxygen (DO), pH, temperature, and 
electrical conductivity (EC), were measured on-site with portable instruments from WTW 
GmbH. These instruments contained an Oxi 3205 electrode (standard deviation (SD) ±0.5%) 
to measure DO and temperature, a pH 3110 electrode (SD ±0.005) to measure pH, a Cond 3210 
electrode (SD ±0.5%) to measure EC and temperature (SD ±0.1°C). Alkalinity (reported as 
HCO3) was analyzed through titration with 0.1N HSO4 using a HACH Digital titrator. 
3.1.2  Petrology and mineralogy analysis 
The rock samples were transferred to Geoscience Centre, University of Göttingen, Germany 
for rock sampling preparation. In total, seven granitic rock samples from both study areas 
prepared to 30 m thin sections for polarization microscopic analysis. The granitic rocks were 
crushed and were optically separated each major mineral (e.g., feldspar, and biotite) for the 
REE and Sr analysis. It should be noted that it is not possible to separate the K-feldspar and 




in the feldspar minerals contain a mixture of both plagioclase and k-feldspar which were 
considered together. 
3.1.3  Hydro-chemical analysis 
3.1.3.1 Major cations and anions analysis 
According to International Atomic Energy Agency (IAEA) sampling procedure (IAEA, 2010), 
for major cations and anions analysis (Na+, K+, Ca2+, Mg2+, Cl-, and SO42-), the water samples 
were filtered through a 0.45 µm (Millipore filter) in the field. These filtered water samples 
were separated into the 50 mL polyethylene bottles for anions and 125 ml polyethylene bottles 
for cation analysis. Moreover, the water samples for the cation analysis were acidified by 
concentrated nitric acid (HNO3) to a pH of less than 2. 
The analyses of major ion chemistry in thermal and surface water samples were performed by 
ion chromatography (IC) at the Geosciences Centre, Georg-August-University of Göttingen, 
Germany. The major cations were separated and determined by the Dionex AQUION system 
(Thermo scientific) with conductometric detection and the CG12-5 m precolumn with a 
CS12A-5 m column. The separation was performed at 44 °C with 18 mM methanesulfonic 
acid as eluent. For the separation and the determination of major anions were conducted on an 
ion chromatography system (Dionex) with conductometric detection using an IonPac AG11-
HC precolumn and IonPac AS1-HC column. The separation was performed at 30 °C with 
23mM KOH as eluent. The ion chromatography system consisting of a Dionex IP25 Isocratic 
Pump, a Dionex IC25 Ion Chromatography module, Dionex EG50 Eluent generator module, 
and a Dionex AD20 absorbance detector module (used in special cases). 
3.1.3.2 Rare earth element (REE) and Strontium concentration (Sr) 
The rock and water samples were determined the Rare earth element (REE) and Strontium 
concentration (Sr) by using ICP-MS on a PerkinElmer DRC II (Sciex, Canada) at the 
department of Geochemistry (Geoscience Centre, University of Göttingen, Germany).  
3.1.3.3 Silicon concentration (SiO2) 
The SiO2 in water samples was determined in the form of a blue molybdate-silica-complex by 
following a DIN 38 405 Part 21 procedure. During the sample preparation, the plastic 
containers and plastic equipment are recommended to avoid silica contamination. Two sets of 




prepared for titration of sulfuric acid to pH 1.1. The second set is prepared for the measurement, 
add the sulfuric acid from the titration volume, add 2 ml ammonium molybdate, add 2 ml 
tartaric acid, and add 2 ml ascorbic acid. Then filled up with distilled water to a total volume 
of 100 ml. The solution allowed to stand 5 minutes for each additional chemistry. The blue 
molybdate-silica-complex in the solution is measured by a Photometry “Varian Cary 50 Scan 
UV-Vis” by 50 mm cuvette and in the condition of 0.5 seconds, the wavelength of  = 810 
mm, 5 replicates. Calibration of the photometer was performed with 9 reference solutions. All 
furtherments are carried out with the resulting calibration curve. 
3.1.4  Radioactive and stable isotope analysis 
3.1.4.1 Stable isotope of water 
For isotopic analysis of hydrogen, oxygen, and carbon, sampling protocols followed the IAEA 
sampling recommendations (IAEA, 2010). All of the sampling containers were pre-cleaned by 
weak hydrochloric acid and dried before sampling. The hot water samples were stored in 50 ml 
glass bottles and cool waters were stored in 50 ml polyethylene bottles. Sample bottles were 
filled with water and then closed and wrapped by parafilm to reduce evaporation and weight 
loss before transport to the laboratory at the Thailand Institute of Nuclear Technology (TINT), 
Ongkarak, Thailand. The water isotopic ratios were determined using a laser spectrometer for 
liquid water analysis (Picarro, L2310-i) at TINT, using the Vienna Standard Mean Ocean 
Water (VSMOW) as a reference standard. The results are reported as 2H and 18O values in 
permil (‰) deviations from SMOW. The analytical precision of the reported 2H and 18O 
values are ≤ 0.2 ‰ and ≤ 2 ‰, respectively. 
3.1.4.2 Tritium isotope 
Tritium concentration (3H) in modern precipitation in Thailand decreased to <5 tritium units 
(1 TU = 1 atm of tritium per 1018 atom of hydrogen = 0.11919+0.00021 Bq/l) (Yongprawat et 
al., 2012). At such levels, the 3H in water samples was measurable using a low-level 
background liquid scintillation counter with the tritium electrolytic enrichment unit in the TINT 
laboratory. The hot and cool water samples were collected into the 1 L PE bottles and 
transferred to the laboratory. All samples were distilled prior to electrolysis (primary 
distillation) until the EC were less than 30 µS. In each enrichment run, 15 distilled water 
samples, three spikes (known 3H activity), and two backgrounds (without 3H activity) were 




contained in a freezer/refrigerator controlling temperature between 0 °C and -4 °C. The total 
amount of energy charge in a cell is 1423 Ah for 8 days. The initial volume of 500 ml in each 
cell was electrolytically enriched to approximately 22 ml. After secondary distillation, the 20 
enriched waters, and 6 original standards (two "backgrounds", two "spike" and two reference 
standard) were then mixed with UltimaGold LLT scintillator (8 ml of water :12 ml scintillator). 
Beta particles ( ) in the cocktail samples were measured in 10 cycles, 50 min each by a liquid 
scintillation counting device (LSC) (Packard Tricarb 3180 TR/SL). The minimum detectable 
activity (MDA) of this method (detection limit) is 0.02 Bq/l. 3H concentrations are calculated 
and expressed in tritium units (TU) with a standard uncertainty (one sigma level) in the order 
of 0.3-0.4 Tritium Units (TU). 
3.1.4.3 Radioactive and stable isotope of carbon 
To determine the stable isotopic composition of carbon ( 13C) and radiocarbon (14C), the study 
precipitated all inorganic carbon species from 40- and 60-liters thermal water in the field. The 
water was store in the special container, which was sealed to avoid atmospheric carbon 
contamination. Adding 50 ml of carbonate-free sodium hydroxide (NaOH(l)) and 
approximately 5 g of iron sulfate(s) for increasing pH to about 11. Then, adding 150 g of barium 
chloride (BaCl2(s)) and 40 ml of praestol solution for precipitating the dissolved carbon species 
in the form of barium carbonate (BaCO3(s)). After the precipitation reactions were completed, 
the solid carbonate samples are transferred to 1 L polyethylene bottles for transportation to the 
TINT laboratory, where they were separated into pre-measured containers for 13C and 14C 
measurement. 
14C measurement was performed by direct absorption. The precipitated carbonate samples were 
acidified with concentrated HCl(g) to release CO2(g) under the vacuum system. The released gas 
was purified and incorporated as a carbomate in a 1:1 mixture of absorber (Carbo-Sorb E) and 
scintillation cocktail (Permafluor E). The mixing cocktail measured beta particles ( ) with a 
liquid scintillation counting device (LSC) (QuantulusTM 1220). The minimum detectable 
activity (MDA) of this method (detection limit) is 6 Bq/kg C. The results from LSC (counts 
per minute: CPM) were statistically evaluated into units of percent modern carbon (PMC) 
(precision +3 to +10% PMC).  
For 13C measurement, precipitated samples were acidified to convert from solid carbonates 




This instrument is based on Picarro’s unique Wavelength-Scanned Cavity Ring Down 
Spectroscopy (WS-CRDS). Pee Dee Belemnite (PDB) was used as a reference standard. The 
uncertainties of this measurement are less than 0.4 ‰. 
3.1.4.4 Strontium isotope 
Preparation of 87Sr/86Sr analysis by evaporated 10 mL of water samples to dryness and 
dissolved in 1 mL of 2.5 N hydrochloric acids. It was transferred to ion-chromatography 
columns using BioRad AG 50x8 (200-400 mesh) cation-exchange resin and 2.5 N hydrochloric 
acid as eluent for Sr separation from other ions. Strontium was purified by loaded onto 
outgassed Re filaments (double- filament technique) with 0.25N ultrapure phosphoric acid 
(H3PO4), A Finnigan MAT 262 thermal ionization mass spectrometer (TIMS) measured Sr 
isotopes ratios. The instrumental fractionation of the measured 87Sr/86Sr ratios is normalized to 
a constant 88Sr/86Sr ratio of 8.375209 (88Sr/86Sr = 0). All 87Sr/86Sr values were adjusted to a 
certified NBS987 value of 0.71039 ± 0.00001. The precision of this measurement is 0.003% 
(2 σ) or less.  
Preparation of 87Sr/86Sr analysis in mineral samples, the separated minerals were digested in a 
mixture of HF-NO3-HClO4 at 120 °C overnight. After complete dissolution and evaporation, 
the sample residues were dissolved in 6 N HCl at 120 °C and again evaporated. Thereafter, the 
sample residues were measured following the same procedure of 87Sr/86Sr analysis in water 
samples. 
 
3.2 Identification of water sources. 
The stable isotope data from laboratory results expressed as the abundance ratio of the two 
most abundant isotopes of a given element (for instance; 2H/H, 18O/16O, and 13C/12C etc.). Due 
to the slightly differences in the number of isotope abundance ratios in various natural 
reservoirs and the dissimilarity of different laboratory results, the isotopic compositions are 
normally expressed in terms of absolute abundance ratios in δ-notation (delta). The δ-notation 
represent as deviations of sample isotopic ratios from measurement reported relative to 
international standard reference material which known isotopic composition in a unit of parts 








) × 1000 (3.1) 
 
where 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 represents the measured isotope ratio from water sample, 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 represents 
the measured isotope ratio from standard, 𝛿 represents the deviations of sample isotopic ratios 
from measurement reported relative to standard. 
Hence, the samples have more isotopic ratios than isotopic ratios from reference standard or 
positive value of δ-notation of that element ( 2H and 18O) are called “enriched” or “heavy”, 
In contrast, the samples have less isotopic ratios than isotopic ratios from reference standard or 
negative value of δ-notation of that element ( 2H and 18O) are called “depleted” or “light”. 
 
Stable isotope composition of water ( 2H and 18O). A water molecule (H2O or di-hydrogen 
oxide) has a possibility to discover a different isotopic combination of one atom of oxygen 
(16O, 17O and 18O isotope) and two atoms of hydrogen (1H, 2H and 3H). The most second 
abundance of the hydrogen atom and oxygen atoms, comprised of deuterium (2H: 0.015% of 
hydrogen atom) and oxygen-18 (18O: 0.038% of oxygen atom) (Deshpande, 2011).  
The stable isotopic composition of 2H and 18O is relatively conservative in reaction with the 
material in the subsurface system. However, these are varied by different parameters such as 
temperature effect, altitude effect, latitude effect, continental effect, and amount effect (Clark, 
2015; Kendall et al., 2004). 
Theoretically, geothermal fluid can derive from five sources, 1) meteoric water, 2) Seawater, 
3) Conate water, 4) Metamorphics water, 5) Juvenile or magmatic water (Clark, 2015; Pirajno, 
2009). The previous investigation in the study areas (Chaturongkawanich and 
Leevongchareon, 2000; DAEDE, 2007a) demonstrated that most of the water chemistry results 
have low electrical conductivity (EC) which is in the range of surface water and groundwater 
(EC< 700 µS/cm; U.S. Geological Survey, 2019). Thus, meteoric water should be an important 
recharge source for the geothermal fluid. To prove this hypothesis and to determine the water 
source and to understand the hydrologic cycle within these study areas, the stable isotopic ratios 
of samples are plotted between H and 18O with the primary magmatic water area from 
Giggenbach, (1992), the global meteoric water line (GMWL) ( 2H = 8 18O + 10‰; Craig, 




For Mae Chan area, the LMWL was obtained from the stable isotope data of daily precipitation 
(n=263) from 2013 to 2015 in the Chiang Rai precipitation monitoring station (Hydro and Agro 
Informatics Institute (HAII), 2016), which is considered the nearest station to the study area. 
The equation for the LMWL is 2H = 7.83 18O + 7‰, with -47.99 weight mean average 2H 
and -7.07 weight mean average 18O. The isotopic correlation graph is shown in Figure 9.1-1 
in Appendix 1. 
For Ranong area, the LMWL was obtained from the stable isotopic data in daily precipitation 
samples (n=338) from 2013 to 2015 at the Ranong monitoring station (HAII, 2016). This 
station, located in Tambon Bang Yai, Amphoe Kra Buri, Chang Wat Ranong, is the closest 
station to the Raksawarin hot spring about 40 km northeast, at 21 m AMSL). The isotopic 
correlation graph is shown in Figure 9.1-2 in Appendix 1. 
The 18O ratio from the high thermal geothermal water is often enriched and thus deviates from 
the LMWL which is often described as "oxygen isotope shift” or “ 18O-shifted". Due to the 
fact that the rock has higher oxygen (approximately 50% by mass) to hydrogen (1% by mass). 
The isotopic exchange mechanism between initial water (e.g., meteoric water) and the heavy 
isotopic composition of the surrounding rock is controlled by the temperature of the geothermal 
reservoir. Hence, this isotope shift can identify in oxygen and is a good indicator for 
investigating the water-rock interaction in the geothermal study (Aggarwal et al., 2005; Hoefs, 
2009; Nicholson, 1993). The 18O-shifted in each thermal water sample is calculated by the 
equation. 
18O-shifted = 18Othermal - 18OLMWL (3.2) 
where 18O-shifted represents the 18O value of oxygen isotope shift (‰); 18Othermal represents 
the 18O value of the thermal water (‰); and 18OLMWL represents the 18O value of the average 
precipitation which derived from LMWL. 
Stable isotope of carbon can provide the carbon source in thermal water investigating by 





3.3 Water classification and geochemical processes 
3.3.1  The water classification 
To better understand the water classification in the geothermal area, the major ion 
results were interpreted graphically by plotting the chemical data in the triangular 
diagrams modified from Giggenbach, (1988). 
3.3.2  The geochemical processes 
In hydrological cycle, the precipitation water regards as the major source in most of the 
subsurface system and naturally has low chemical concentrations. During the rainwater 
infiltration under the unsaturated zone or from the water table, solutes in the water become 
increasingly concentrated under the influence of evapotranspiration. Afterward, under the 
saturated zone, the chemical concentration has changes by additional chemical and other 
geochemical processes.  
The study considered that the possible concentration in the unsaturated zone derived under 
influenced on evapotranspiration losses (Post-ET). This would be calculated from the 
maximum concentration in seven Ranong precipitation samples multiply by an 
evapotranspiration concentration factor (ETF) in each study area (Giggenbach, 1988; Saad and 
Thorstenson, 1998; Petelet-Giraud et al., 2003). The analytical results and computed results of 
the major-ion compositions in Post-ET shown in Chapter 5 in Table 5-4. 
For visual identification of the geochemical processes, the major-ion compositions in thermal 
waters and the major-ion compositions in Post-ET are plotted in a Schoeller’s diagram. The 
diagram can indicate the major grouping or trends of the data, which will show and explain in 
the results chapter of each area (Chapter 4 for Mae Chan and Chapter 5 for Ranong). 
𝐸𝑇𝐹 is calculated from the mean rainfall divided by the difference in between mean rainfall 
and mean potential evapotranspiration in that area, described as  
𝐸𝑇𝐹 =
𝑃
𝑃 − 𝐸𝑇 
(3.3) 
where 𝐸𝑇𝐹 is the evapotranspiration concentration factor; 𝑃 is the mean rainfall; and 𝐸𝑇 is the 




From Chapter 2, the ETF in each area can computed from the climate referent data (Thailand 
Meteorological Department, 2011), as follows 
The Mae Chan area has a mean rainfall of 1,690 mm/year and means potential evaporation of 
1,269.48 mm. Therefore, the ETF in the Mae Chan area is 4.02. 
The Ranong area has a mean rainfall of 4,068.4 mm /year and means potential evaporation of 
1,308 mm. Therefore, the ETF in the Ranong area is 1.5. 
 
3.4 Recharge elevation 
The altitude effect is an important parameter on the variation of stable isotope composition. 
Due to the fact that the atmospheric temperature is decreased with increasing elevation. It 
drives rainout and distillation, changing the isotopic composition in precipitation. After the 
water penetrates into the subsurface, the isotopic composition of groundwater remains stable 
from the recharge area. Hence, the groundwater recharged from a higher elevation would 
reflect the depleted isotopic composition. In this study, the recharge elevation of thermal water 
can be estimated based on the altitude effect of stable isotope in the equation  
𝐻 = 𝐻𝑔 +
(𝑂𝑝 − 𝑂𝑔)
𝑔𝑟𝑎𝑑 − 𝑂 
(3.4) 
where 𝐻 and 𝐻𝑔 are the altitude of the recharge elevation and sampling elevation (m AMSL), 
respectively; 𝑂𝑔 and 𝑂𝑝 are the 18O value of the thermal water and the average precipitation 
near the sampling site (‰); 𝑔𝑟𝑎𝑑 − 𝑂  is the altitude- 18O gradient in the study area. 
Remarkably, the 18O of thermal water can be disturbed by water-rock interaction at high 
temperatures, hence, the 18O results from thermal water do not represent the isotope 
composition from the recharge area. In contrast, the basement rock has an extremely small 
amount of hydrogen. The shifts in 2H by water-rock interaction do not take place. Therefore, 
18O value of the thermal water is replaced by the calculated 18O at the recharge area from 
2H results by the LMWL equation. The altitude- 18O gradient in Thailand from Doi Inthanon 




3.5 The residence time of thermal water estimation 
The residence time is an important parameter for evaluating the quantity of the hydrological 
system, for instance, circulation and renewability. This can estimate from common radioactive 
decay law equation and is defined as 
𝑁 = 𝑁0 ∙ 𝑒−𝜆𝑡 (3.5) 
where λ is the decay constant, 𝑁0 and 𝑁 are the numbers of particles from initial and after 
decay processes, 𝑡 is the residence time from the decay processes. 
3.5.1  Tritium (3H) 
Tritium is a conservative tracer in water that can indicate travel times through radioactive decay 
and has a half-life of 12.32 years. The tritium dating is investigated by comparing 3H results 
with the peak concentration of 3H in rainfall (the input function) from the atmospheric nuclear 
tests of the 1950s-1960s (Cartwright et al., 2013; Cartwright and Morgenstern, 2012; Clark, 
2015).  
3.5.2  Radiocarbon dating (14C) 
The residence time from Radiocarbon dating (14C) is commonly investigated by the common 
decay law (Eq 3.5). The 14C of DIC is measured with a half-life 5,730 years and can be 
illustrated on the ten thousand years’ timescale ranging from modern to longer than 45,000 BP 
(Han et al., 2012; Han and Plummer, 2016). The common decay law equation (3.2) can 













where λ14 is the decay constant, 14CDIC is the measured 14C value of dissolved inorganic carbon, 
14C0 is the initial 14C value derived from atmosphere (100 pMC), 𝑡  represents the fluid 
residence time of 14C. 
However, these radiocarbon results may be disturbed by varieties of physical and geochemical 
processes which occurred along the flow part, such as; calcite dissolution, dolomite dissolution, 
oxidation of organic matter, exchange with the aquifer matrix, diffusion into the matrix, sulfate 
reduction, methanogenesis, and mixing of geogenic CO2 (Cartwright and Morgenstern, 2012; 




residence time estimation in the study areas, the 14C results are investigated cooperating with 
13C results. It will be explained in detail in the results from Chapter 4 and Chapter 5. 
3.6 Geothermometers  
The reservoir temperatures can be estimated by the comprehensive geothermometrical 
methods, comprised of, two most widely used chemical geothermometers, which are 
congregated and summarized by Arnórsson, (2000). The first one is cation geothermometers 
and the second is silica geothermometers.  
3.6.1  Cation geothermometers 
Some cations composition in thermal water, which are developed from the thermal dependent 
reaction between the minerals in host rock and solution in the equilibrium state, are widely 
applied for reservoir temperature estimation (Arnórsson, 2000). Na-K, K-Mg, and Na-K-Ca 
geothermometer equations from many studies are applied for temperature estimation in these 
study areas. The details of geothermometer equations are shown in Table 3-1. 
3.6.2  Silica geothermometers 
Silica geothermometers are widely applied for estimating the reservoir temperature. It has been 
several experimentally investigations, which mostly based on Chalcedony and Quartz 
solubility, this equation and detail have shown in Table 3-2. These geothermometers can 
estimate the realistic reservoir temperature in the range of 120 and 180 °C (Arnórsson et al., 
1983). Chalcedony geothermometer can also be utilized if the temperature of the geothermal 
system below 190 °C, while Quartz geothermometer can apply at higher temperature. shown 
in Table 3-1. 
3.6.3  Geothermometers assessment 
Different geothermometers would provide different ranges of temperature results. Moreover, 
if the system has not reached the water-rock equilibrium state and/or has been mixed with 
cooled water while rising to the surface, a straightforward temperature estimation from these 
geothermometers would not provide reliable temperature results. This study recognizes three 
graphical tools for validating these geothermometers in hot springs: Na-K-Mg triangular 





3.6.3.1 The Na-K-Mg triangular diagram. 
The Na-K-Mg triangular diagram was proposed by Giggenbach, (1988), and was utilized for 
evaluating the degree of water-rock equilibrium at a given temperature, based on two theories 
between the rapid rock-water equilibrium reaction of the K-Mg geothermometer and the slow 
rock-water equilibrium reaction of the Na-K geothermometer. The state of water-rock 
equilibrium is classified as three equilibrate states; 1) fully equilibrated, 2) partially 
equilibrated, and 3) immature water. 
3.6.3.2 The Quartz/Na-K diagram and Quartz/Mg-K diagram. 
The temperatures from these geothermometers may be disturbed by dilution processes, cooling 
effect, equilibration with amorphous silica, and acidity of the system. The Quartz/Na-K 
diagram (Giggenbach, 1988) and the Quartz/Mg-K diagram (Giggenbach et al., 1994) compare 
the logarithm of chemical concentration from hot springs and theoretical geothermometer lines. 
These theoretical lines represent the maximum Na/K ratio, Mg-K ratio and silica content at a 
given temperature, obtained from the geothermometer equation in Table 3.6-1. and 3.6-2, 
comprised of; amorphous silica geothermometer, chalcedony geothermometer, and Quatz 
geothermometer (no steam loss and maximum steam loss) equations from Giggenbach et al., 
(1994) and Fournier and Rowe, (1977). 
3.6.3.3 The silica-enthalpy mixing model  
The chemical composition of the original thermal water can be modified by the chemical 
concentration of cold surface water. In this case, chemical geo-thermometers would probably 
obtain an incorrect estimated temperature result (mixed temperature). 
Fournier and Rowe, (1977) proposed a model for evaluating the reservoir temperature before 
mixing with cold surface waters during the surface ascending processes. This model assumes 
that the ascending thermal water is mixed from two water sources that have distinct temperature 
and are chemically controlled by quartz solubility. The silica concentration in the water should 
not have been disturbed before or after mixing by other processes, such as silica deposition and 
conductive cooling. However, the combined temperature from two water sources is not 
conserved in this model. The heat content (enthalpy), which can be estimated from steam table 




As proposed by Founier, (1989), another silica phase is applied to replace the quartz solubility 
equation. Therefore, in this study, the chalcedony equation and chalcedony steam-loss geo-
thermometer from Arnórsson, (1983) in Table 3-2 are applied instead of the quartz solubility. 
The average dissolved silica concentrations of thermal water and cold water are plotted against 
the corresponding enthalpies from hot springs along with the results, to compares with three 
theoretical reference lines (Figure 3.6-1). 
The model is considered in two scenarios. In the first scenario, the enthalpy of mixing water 
remains stable (does not lost) during ascension to the surface. So that is the mixing process 
occurs after boiling, and the total amount of steam is condensed in the cold water. In the second 
scenario, the warm water loses enthalpy from the steam leakage before the mixing process at 




















Table 3-1: Cation geothermometer equation. 
Type Equation Range (°C) References 
Na/K 𝑇 =
1217
1.438 − log (Na/K) − 273.15  Fournier (1979) 
 𝑇 =
933
0.933 − log (Na/K) − 273.15 25-250 





1.699 − log (Na/K) − 273.15 250-350 




1.470 − log (Na/K) − 273.15  












0-350 Arnórsson, (2000) 
 𝑇 =
1052
1 + e0.252+(1.714∗log ((Na/K)4) + 76
  Can, (2002) 
K/Mg 𝑇 =
2330
7.35 − log (K2/Mg) − 273.15  Fournier (1991) 
 𝑇 =
1077


















log (NaK ) + β log (
√Ca
K ) + 2.24





Table 3-2: Silica geothermometers. 
Type Equation Range  (°C) References 
Chalcedony 𝑇 =
1032
4.69 − logS − 273.15 0-250 Fournier(1977) 
Quartz  
(no steam loss) 𝑇 =
1309
5.19 − logS − 273.15 25-250 Fournier(1977) 
Quartz  
(max. steam 
loss at 100 °C) 
𝑇 =
1522
5.79 − logS − 273.15 25-250 Fournier(1977) 
Quartz 
T = (−42.2) +  0.28831 S 
+ (−3.6686 x 10−4 S2) 
+ (3.1665 x 10−7 S3)  
+  77.034 logS 
50-900 Fournier and Potter(1982) 
Quartz a  
T = (−53.5) +  0.11236 S 
+ (−0.5559  x 10−4 S2) 
+ (0.1772 x 10−7 S3)  
+  88.370 logS 
 Fournier and Potter(1982) 
Chalcedony 𝑇 =
1112




T = (−55.3)  +  0.3659 S +
 (−5.3954  x 10−4 S2) +
 (5.5132 x 10−7 S3)  +  74.360 logS  
0-350 Arnoorsson (1988) 
Quartz a  
T = (−66.9)  +  0.1378 S +
 (−4.9727  x 10−5 S2) +
 (1.0468 x 10−8 S3)  +  87.841 logS  
0-350 Arnoorsson (1988) 
Quartz 𝑇 =
1175
4.88 − logS − 273.15  Verma (2000) 
where S = Silicon concentration in ppm 
a = Silicon concentration in thermal water which initially boiling in equilibrium with quartz 







Figure 3.6-1: Silica-enthalpy mixing diagram compares the results with three theoretical 
reference lines; The first line (blue line) is the chalcedony solubility curve, and the second line 
(purple line) is the chalcedony maximum steam loss curve. Both curves estimated from the 
equation of chalcedony and chalcedony steam-loss geothermometer from Arnórsson et al., 
(1983). The third line (vertical gray line) refers to the boiling point of the water (at 100 °C) 
which have been assumed equal to 419 kJ/kg of the enthalpy at saturation state (Wagner and 
Hans-Joachim, 2007). 
In the first scenario, a mixing line extends from the cold-water results (assumed to be initial 
water) to the thermal water results (assumed to be mixed water) until it converges on the 
chalcedony solubility curve at point A. This point refers to the initial silicon condition and 
enthalpy of the hot water component in the reservoir before mixing.  
In the second scenario, the crossing point at which the vertical gray line and the mixing line 
(point B) is assumed to be the water boiling point. Then, a horizontal line is drawn from point 
B to the maximum steam loss line at point C, which is assumed to be the water lost the enthalpy 
at this point. A vertical line is then drawn from point C to the chalcedony solubility line at point 




















































processes (in scenario 2). The two end members from the graph, the cold water, and the initial 
reservoir water can be expressed by the following equations: 
𝐻 = 𝛼𝐻𝐴 + (1 − 𝛼) 𝐻𝐵 (3.7) 
𝑆 = 𝛼𝑆𝐴 + (1 − 𝛼) 𝑆𝐵 (3.8) 
where 𝐻 is the enthalpy of the shallow geothermal water; 𝐻𝐴 is the enthalpy of the cold water; 
𝐻𝐵  is the enthalpy of the initial reservoir water; 𝑆 is the SiO2 concentration in the shallow 
geothermometer water, 𝑆𝐴  is the SiO2 concentration in the cold water; 𝑆𝐵  is the SiO2 
concentration in the initial reservoir water; and 𝛼 is the mixing ratio of the cold water and 
initial reservoir water. 
3.7 The reservoir depth estimation 
Identifying the fluid circulation depth is thus critical to understand the dynamic behavior of the 
geothermal system. The reservoir depths in this study are estimated from reservoir temperature 
results from the suitable geothermometers and the temperature gradients in hot springs which 
is a site-specific variable. In the Mae Chan area, the temperature gradient has been estimated 
from temperature profiles of the Fang shallow geothermal wells (Wagner and Hans-Joachim, 
2007); for instance, FGTE-6, FGTE-8, and FGTE-10 are shown in Figure 9.1-3., in Appendix 
1. The calculation details are illustrated in Chapter 4. 
In contrast, the geothermal gradient in the Ranong area has not been observed. The spatial 
distribution map of heat flow in south-eastern Asia (Hall, 2002) and drilling information from 
Ponrunk hot springs are applied for the estimated temperature gradients in the Ranong area. 
The geothermal gradient in the spatial distribution map of heat flow in south-east Asia 
represents the temperature gradients of the system. It can be estimated from the spatial 
distribution map of heat flow in south-east Asia through the simple heat transfer equation and 
is defined as 
𝑄 = 𝑘∇𝑇 (3.9) 
where, Q is the heat flow of the hot spring area (W/m2), k is the thermal conductivity (W/m°C), 
∇T is the geothermal gradients (°C/m). 
The geothermal gradient in Ranong geothermal area can be calculated from a difference in 




springs (RN-3 and RN3-1) and a pumping well (RN3-2). The calculation details and results are 
illustrated in Chapter 5. 
3.8 Water-Rock interaction. 
3.8.1  Rare earth elements in water and minerals 
The REE compositions in the geothermal fluids are derived from the dissolution and alteration 
of the accessory minerals in the host rocks. The variation in REE composition and pattern in 
water samples can be used as an indicator for understanding the fractionation mechanism 
during alteration of rock and fluid transport, the history of rock alteration, and the state of 
equilibrium in water-rock interaction.  
The REE contents in the minerals and water samples are normalized to the composition of 
chondrite (McDonough and Sun, 1995). For the rock investigation, the REE results in the 
minerals are plotted with respect to each rock sample and comparing with the reported REE of 
whole fresh granite from the literature. For the water investigation, the REE results in the 
surface water and thermal water are plotted to compare with the local rock. 
Cerium (Ce) and Europium (Eu) behavior in water REE can provide a good information for 
the understanding of the complexation of chemical reaction under subsurface. Cerium (Ce) and 
Europium (Eu) anomaly are defined after De Baar et al. (1985) as; 
𝐶𝑒 𝐶𝑒∗⁄ = 2𝐶𝑒𝑛𝑜𝑟𝑚 (𝐿𝑎𝑛𝑜𝑟𝑚 + 𝑃𝑟𝑛𝑜𝑟𝑚)⁄  (3.10) 
𝐸𝑢 𝐸𝑢∗⁄ = 2𝐸𝑢𝑛𝑜𝑟𝑚 (𝑆𝑚𝑛𝑜𝑟𝑚 + 𝐺𝑑𝑛𝑜𝑟𝑚)⁄  (3.11) 
where Cenorm, Lanorm, Prnorm, Eunorm, Smnorm, and Gdnorm correspond to the chondrite normalized 
concentration. 
3.8.2  Strontium in water and minerals  
According to the manifestation of the hot spring in both areas are dominantly associated with 
the granitic basement rock. The Sr concentration in thermal water would be originated from 
the mixture of atmospheric inputs and weathering products. The present study applies the 
mixing model from Wiegand, (2009) assuming that the mixing process of these sources occurs 
at the steady-state condition (the recharge and discharge rates are constant), following the 




𝑆𝑟87 / 𝑆𝑟86 𝑊 =
( 𝑆𝑟87 / 𝑆𝑟86 𝑚 × 𝑆𝑟𝑚) − ( 𝑆𝑟87 / 𝑆𝑟86 𝑟 × 𝑆𝑟𝑟)
𝑆𝑟𝑊
 (3.12) 
where 𝑆𝑟87 / 𝑆𝑟86 𝑤 is the 87Sr/86Sr ratios of the weathering minerals phase; 𝑆𝑟𝑊  is the Sr 
concentration of the weathering minerals phases; 𝑆𝑟87 / 𝑆𝑟86 𝑚  is the 87Sr/86Sr ratios of the 
thermal water; 𝑆𝑟𝑚  is the Sr concentration of the thermal water; 𝑆𝑟87 / 𝑆𝑟86 𝑟  is the 87Sr/86Sr 
ratios of the atmospheric water; 𝑆𝑟𝑟 is the Sr concentration of the atmospheric water. 
For the model input (or atmospheric water), according to the Sr isotope ratio and Sr 
concentration in precipitation in both areas, this study applies the 87Sr/86Sr ratios (0.71) and Sr 
concentration in precipitation (0.3 g/l) at the Bangkok metropolis from Klaus, Hansen, & 
Buapeng, (2007). Due to the fact that the ETF can influence to the Sr concentration in recharge 
water. From the ETF calculation, the Chiang rai province has an ETF of 4.02 and Ranong 
province has an ETF of 1.5. Therefore, the Sr concentration of recharged water in Chiang rai 
province and in Ranong province are 1.206 g/l and 4.5 g/l, respectively.  
For the weathering minerals phase ( 𝑆𝑟87 / 𝑆𝑟86 𝑤), the granite dissolution model (Négrel et al., 
2001; Petelet-Giraud et al., 2003), based on the hypothesis that most of the Sr composition, are 
derived from the dissolution of three mineral phases (e.g. plagioclase feldspar, potassium 
feldspar, and biotite) at equilibrium condition following equation.  
𝑆𝑟87 / 𝑆𝑟86 𝑊 =
∑( 𝑆𝑟87 / 𝑆𝑟86 𝑚𝑥 × 𝑆𝑟𝑚𝑥 × %𝑚𝑥 × 𝑊𝑚𝑥)
∑(𝑆𝑟𝑚𝑥 × %𝑚𝑥 × 𝑊𝑚𝑥)
 (3.13) 
where 𝑆𝑟87 / 𝑆𝑟86 𝑚𝑥  is the 87Sr/86Sr ratios of the three minerals phase (plagioclase feldspar, 
potassium feldspar, and biotite); 𝑆𝑟𝑚𝑥 is the Sr concentration of the three minerals phase; %𝑚𝑥 
is the proportion of each mineral in rocks which obtained from the petrology analysis of the 
surface granite rock; 𝑊𝑚𝑥  is the weatherability of each minerals phase taking that of 
plagioclase as 1, is 0.25 for biotite and 0.1 for potassium feldspar (Négrel et al., 2001; Petelet-
Giraud et al., 2003). 
According to the petrology analysis and minerals separation, it is not possible to separate the 
K-feldspar and plagioclase from the granite rock. Hence, the Sr concentration and 87Sr/86Sr 











4 Characterization and evaluation of hydrochemistry, sources, and water-rock 
interaction in Mae Chan area. 
4.1 Analytical result of rock 
4.1.1  Petrology  
The four granitic samples are prepared thin sections for polarization and transmitted 
microscopic analysis. The proportion of major minerals in each granite samples are estimated 
by evaluating the areas of visible major minerals in each thin section, shown in Appendix 2 
and described as follows. 
CM-16 (Mulika) thin-section is a granitic rock from the Mulika hot spring in Northern Thailand, 
composed of quartz (approximately 30%), alkali-feldspar (microcline) (approximately 30%), 
plagioclase (approximately 30%), and biotite (approximately 10%) (Figure 9.2-1 in Appendix 
2). Plagioclase shows polysynthetic twinning and is the second most abundant mineral in the 
thin section examined. Quartz, the predominant mineral phase, shows undulose extinction and 
is polycrystalline. Both features testify to metamorphic overprinting. Biotite, too, occasionally 
displays signs of ductile deformation. Plagioclase crystals exhibit incipient sericitization of 
their more Ca-rich cores. Biotite and quartz may contain small zircon grains. This thin-section 
results shown in CM-16-2 (CR-Near Malika) or thin-section is compositionally very similar to 
Mulika granite samples but displays significantly more alteration and deformation (Figure 9.2-
2 in Appendix 2). It may be classified as a gneiss. In addition to quartz, alkali feldspar, 
plagioclase, and biotite, the rock contains some muscovite – probably as an alteration product.  
CM-04 (CR-Mae Chan) thin-section from Mae Chan hot spring area shows a mixed-grained 
granite or granitic gneiss. The vast majority of quartz (approximately 25%) has been 
recrystallized and constitutes a fine-grained “matrix” (Figure 9.2-3 in Appendix 2). Feldspar 
(approximately 45%) crystals are often very large and repeatedly show very heterogeneous 
perthitic textures. Plagioclase (approximately 25%) cores display incipient alteration 
(sericitization). Minor amounts of muscovite and biotite are also present. Biotite 
(approximately 5%) exhibits chloritization. Hematite and possibly other oxides have been 
observed as accessory minerals.  
CM-03 (CR-Huay Mae Jai) thin-section from Huy Mae Jai area is a mixed-grained granite or 
granitic gneiss, displaying clear signs of deformation and alteration (Figure 9.2-4 in Appendix 




pervasively altered feldspar (alteration is less prominent for alkali feldspar (approximately 
25%), i.e., microcline and perthitic feldspar (approximately 40%)), and interstitial biotite 
(approximately 5%). Biotite has been partially transformed into chlorite. Occasionally, altered 
amphibole is present. 
4.1.2  Rare earth elements in minerals. 
REE compositions of the separated minerals in four Mae Chan granite rocks are given in the 
Table 4-1. The REE contents of feldspar mineral in the Mae Chan granite range between 59.7 
and 365.5 mg/kg. The lowest REE contents of feldspar are found in the CR-04 samples (59.7 
mg/kg). The REE contents of biotite mineral range between 405.4 and 1,120.9 mg/kg. The 
biotite minerals indicate the highest REE content (1,120.9 mg/kg). All of samples are 
relatively enriched in LREE, resulting in LREE/HREE ratio more than 9.5. The highest 
LREE/HREE contents shown in the CR-04 (38.8).  
The REE contents in these minerals are normalized to the composition of chondrite 
(McDonough and Sun, 1995), are plotted with respect to each sample and comparing with the 
reported REE of whole fresh granite from Chiang Mai and Chiang Rai provinces (Charusiri et 
al., 1994) in Figure 4.1-1. The mineral samples illustrate an enriched pattern in LREE relative 
to the HREE. Although the REE pattern in biotite minerals in most of the samples are higher 
than the REE pattern in feldspar minerals, CM-16 sample illustrates the relatively narrow width 
range of the REE pattern between these minerals. Moreover, feldspar minerals samples indicate 
moderate positive Eu anomalies and biotite minerals indicated moderate negative Eu anomalies. 
All of the separated mineral samples do not illustrate Ce anomaly with Ce/Ce* ranging from 
0.85 to 1.09. Biotite mineral samples show similar negative Eu anomaly with Eu/Eu* ranging 
from 0.23 to 0.43. Contrarily, feldspar minerals show similar positive Eu anomaly with Eu/Eu* 
ranging from 1.27 to 10.27 and the strongest positive Eu anomaly are shown in CR-04 feldspar 
(10.27). 
4.1.3  Rb-Sr composition in the minerals. 
Rb concentrations, Sr concentrations, Rb/Sr ratios, and 87Sr/86Sr ratios in each separated 
mineral of all four bedrocks were analyzed (Table 4-2). The Sr isotopic ratios range between 
0.7230 and 0.7418 for feldspar, and range between 0.7710 and 1.2520 for biotite. The Rb 
concentrations range between 72 and 781 mg/kg for feldspar, and range between 23 and 1,495 




range between 22 and 169 mg/kg for biotite. The Rb/Sr ratios range between 0.10 and 33.12 
for feldspar, and range between 0.29 and 68.85 for biotite. The 87Sr/86Sr ratios of the biotite are 
higher than that in feldspar. On the other hand, the 87Sr/86Sr ratios and Rb concentrations of the 
biotite in the Mae Chan hot spring sample are similar to the feldspar within the same sample. 
Table 4-1: Rare earth element in the rock samples in Mae Chan geothermal area. 
Name CM-16 CM-16-2 CR-04 CM-03 
Location Mulica CR-NearMalica CR-Mae Chan CR-Huay Mae Jai 
Type of the rock Granite Granite/gniss Granite Granite 






88.2 82.5 216.7 86.3 89.4 16.1 247.3 43.6 7.0 
Ce 176.2 144.9 491.7 164.0 215.2 25.2 493.1 77.3 15.2 
Pr 19.4 16.6 56.3 17.7 26.7 2.6 51.8 8.5 1.5 
Nd 71.6 61.1 205.9 62.8 108.7 8.7 184.7 29.3 5.3 
Sm 14.9 11.3 37.9 10.4 26.8 1.4 28.1 5.2 0.8 
Eu 1.0 5.7 1.6 4.2 3.1 3.6 4.4 2.1 0.1 
Gd 11.4 7.3 31.9 9.3 25.1 0.6 34.8 2.9 0.9 
Tb 1.8 1.2 3.9 1.2 3.4 0.1 5.1 0.5 0.1 
Dy 9.7 6.7 19.9 5.8 19.8 0.6 30.9 2.6 0.7 
Ho 1.7 1.2 3.1 0.9 4.0 0.1 5.9 0.4 0.1 
Er 4.4 2.8 6.8 1.8 11.0 0.3 16.2 1.0 0.3 
Tm 0.6 0.4 0.8 0.2 1.5 0.0 2.2 0.1 0.0 
Yb 3.9 2.2 4.3 1.0 10.6 0.3 14.5 0.7 0.3 
Lu 0.5 0.3 0.5 0.1 1.7 0.0 1.8 0.1 0.0 
REE 405.4 344.1 1081.2 365.5 546.8 59.7 1120.9 174.5 32.4 
LREE 382.7 329.4 1042.0 354.6 494.8 58.2 1044.2 169.1 30.8 
HREE 22.6 14.7 39.2 10.9 52.0 1.5 76.6 5.4 1.6 
LREE/HREE 16.9 22.3 26.6 32.4 9.5 38.8 13.6 31.2 19.0 
(Eu/Eu*)cn 0.23 1.80 0.14 1.27 0.35 10.27 0.43 1.48 0.35 
(Ce/Ce*)cn 0.99 0.90 1.05 0.96 1.06 0.86 1.00 0.91 1.09 





Figure 4.1-1: Chondrite-normalized REE pattern (McDonough and Sun, 1995) of the 
separated mineral samples in Mae Chan compared with the whole fresh granite data from 
Chiang Mai and Chiang Rai provinces (Charusiri et al., 1994). *FS = Feldspar, Bi = Biotite, 
and Qz = Quartz. 













CM16 CR-Malika Granite 
Bi 1.1747 0.00005 1,495 22 68.85 






Bi 1.2520 0.00003 23 78 0.29 
FS 0.7389 0.00002 781 24 33.12 
CR-04 CR-Mae Chan Granite 
Bi 0.7710 0.00003 338 63 5.36 
FS 0.7230 0.00002 340 1,063 0.32 
CM-03 CR-Huay Mae Jai Granite 
Bi 0.8659 0.00002 48 169 0.29 
FS 0.7418 0.00002 459 549 0.84 
Qz 0.7454 0.00005 13 4 3.55 





4.2 Analytical result of water 
Field parameters and chemical compositions of the major ions in thermal and surface water 
samples were recorded (Table 4-3). According to the quality-assurance check of the chemical 
analyze, the ionic balance error in most case was found within 5% limit. The stable isotope in 
thermal and surface water samples represent a summary of the isotopic data for both the pre-
monsoon season and post-monsoon seasons (Table 4-4). It should be noted that the isotopes of 
13C, 14C, and 3H in thermal water were determined only in the post-monsoon season samples 
(Table 4-5). 
4.2.1  Water field sampling  
The field parameters and chemicals in the thermal waters are higher variables relative to the 
surface water. Variation of pH and Cl- from thermal waters are slightly higher than those from 
surface water. Moreover, all of the water results are generally characterized by a neutral pH.  
The surface water samples illustrate the seasonal variation of the field parameters (Table 4-3), 
which are characterized by a neutral pH during the pre-monsoon season and slightly increased 
to a weak base during the post-monsoon season. EC values range from 56.80 to 110.60 µS/cm 
in the post-monsoon season and range from 77.00 to 136.20 µS/cm in pre-monsoon season. 
The temperatures range from 21.2 to 24.0 °C in the post-monsoon season and range from 25.6 
to 29.7 °C in the pre-monsoon season. 
The field parameters in the thermal water samples display similar values during both seasons 
(Table 4-3). These thermal water samples are generally characterized by medium temperatures 
with a weak base (temperatures range 50.9 to 92.0 °C, pH range from 8.24 to 8.97, and EC 
range from 433 to 670 µS/cm). The alkalinity analysis by using a HACH Digital titrator 
indicates that the DIC in all of water are in the bicarbonate ion form (HCO3-), ranging between 
39.6 and 67.2 mg/l, shown in Table 4-3. Notably, Wiang Nong Lom Swamp (WNL) is an 
outlier compared to the other thermal water samples, characterized by low values for all field 






4.2.2  Hydro-chemical analysis 
Overall, the results from field parameters and chemical composition of water samples are 
shown in Table 4-3. The ionic balance error in most case was found within 5% limit. 
The surface waters samples indicate the seasonal variations in major ion concentration. The 
major ions concentrations in pre-monsoon season are slightly higher than those in the post-
monsoon season. Most of the cations in surface water are at concentrations lower than 10 mg/l, 
such as, Ca2+ (1.01 to 10.93 mg/l), Na+ (3.15 to 9.64), K+ (2.07 to 3.20 mg/l), and Mg2+ (1.56 
to 3.26 mg/l). Moreover, surface water samples usually have low anions concentrations as well 
(lower than 5 mg/l), such as SO42- (1.39 to 3.04 mg/l), and Cl- (0.31to 2.60 mg/l). However, 
the bicarbonate ions (HCO3-) concentrations are predominantly higher than the other anions, 
ranging between 39.6 and 67.2 mg/l in both seasons. The chemical concentrations in reservoir 
water (RV-CM03) are predominantly higher than that on the other surface water but are lower 
than that in thermal water. 
In comparison, the chemical concentrations of major ions in the thermal water are not radically 
different between the pre- and post-monsoon seasons, in contrast, the chemical concentrations 
from pre-monsoon season are slightly lower than those from the post-monsoon season. 
Individual cation concentrations in the thermal water are mostly less than 8 mg/l, such as, Ca2+ 
(0.16 to 1.4mg/l), Mg2+ (0.04 and 0.14 mg/l), and K+ (3.07 to 15.95 mg/l). However, the Na+ 
concentrations range between 99.01 and 261.1 mg/l. Individual anion concentrations in thermal 
water display different range for each parameter: Cl- (5.27 to 20.06 mg/l); SO42- (28.21 to 90.75 
mg/l); and HCO3- (124.8 to 252.0 mg/l).  
The SiO2 concentrations in the thermal water were analyzed during both seasons (Table 4-7.), 
ranging from the lowest value of 70.66 mg/l to the highest value of 184.80 mg/l, with an 
average of 118.06 mg/l. The SiO2 concentrations in the hot spring water in the post-monsoon 
seasons are slightly higher than in the post-monsoon season. 
To better understand the water classification in the geothermal area, these major ion results 
were interpreted graphically by plotting the chemical data in the triangular diagrams modified 
from Giggenbach, (1988) (Figures 4.2-1 and 4.2-2). The triangular diagrams illustrate both the 
thermal and surface water contain Na+ and K+ (Figures 4.2-1(b) and 4.2-2(b)), and HCO3- as 
the dominant anion (Figure 4.2-1(a) and 4.2-2(a)). Although the cations in water clearly display 
the Na+K type in the triangular diagram graph, Na+ has greater relative abundance than K+, 




surface water. Therefore, thermal waters are predominantly the Na-HCO3 type (immature 
sodium-bicarbonate water). The surface water is the Na-K-HCO3 type.  
4.2.3  Radio and stable isotope analysis 
4.2.3.1 Water isotopic characterization 
Stable isotopic ratios (deuterium: 2H and oxygen 18:  18O) of the thermal and surface water 
were analyzed during both seasons (Table 4-4). The 2H isotopic compositions of the surface 
waters in the post-monsoon season range from -57.26 to -37.94 ‰, and 18O range from -8.45 
to -4.09 ‰. During the pre-monsoon season, 2H range from -54.24 to -47.70 ‰ and 18O 
range from -8.03 to -6.88 ‰. The post-monsoon season is depleted in heavy isotope compared 
to the pre-monsoon season. Nevertheless, the isotopic values of the thermal water measured in 
each sample during both seasons remained relatively constant ( 2H range between -59.79 to -
53.65 ‰ and 18O range between -8.20 to -6.88 ‰), with 2H isotopic variation from -0.76 to 
0.23 ‰ and a 18O variation from -0.21 to 0.03 ‰.  
To determine the water source and to understand the hydrologic cycle within the area, these 
stable isotopic ratios are plotted against the global meteoric water line (GMWL) (Clark, 2015) 
and local meteoric water line (LMWL) (Figure 4.2-3(a)). The LMWL is referenced from the 
stable isotopic data in daily precipitation samples (n=263) from 2013 to 2015 at the Chiang Rai 
monitoring station (HAII, 2016). Moreover, these isotopic ratios are plotted with the stable 
isotopic data of magmatic water, having a 2H of -20 ± 10 ‰ and a 18O of +10 ± 2 ‰ 
(Giggenbach, 1992) (Figure 4.2-3(b)). 
According to the 18O and 2H diagrams during both seasons (Figure 4.2-3), the isotopic 
distribution in most thermal and surface water samples are located in the range of the isotopic 





Table 4-3: Field parameter, major ion composition, and ionic balance in water samples in Mae Chan geothermal area. 
Location 
Field parameters Cations Anions 
IB 
Altitude Temp. pH 
  
EC Ca2+ Na+ K+ Mg2+ HCO3- Cl- SO42- 
(m) (oC) (µS/cm) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (%) 
 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 
CM-03 550 80.40 76.00 8.60 8.51 530.0 549.0 0.16 0.94 183.9 98.49 12.59 3.84 0.12 0.06 218.4 188.4 11.66 6.39 54.65 28.21 -1.80 -4.18 
CM-16 474 65.50 62.00 8.51 8.36 442.0 460.0 1.00 0.95 114.6 99.90 3.81 3.07 0.09 0.07 222.0 184.8 5.27 5.78 30.44 36.62 0.86 -4.30 
CR-02 409.4 53.90 55.50 8.64 8.49 466.0 481.0 1.40 1.11 148.3 98.98 6.71 4.01 0.12 0.04 181.2 156.0 7.54 6.47 45.19 39.08 1.93 -4.72 
CR-03 413 74.80 75.20 8.35 8.24 433.0 449.0 1.13 0.67 115.3 116.4 4.79 7.49 0.10 0.07 198.0 188.4 6.16 9.04 31.11 26.10 3.00 -1.68 
CR-08 399 50.90 52.90 8.88 8.97 456.0 469.0 1.02 0.78 126.9 100.6 4.33 3.09 0.09 0.05 156.0 165.6 9.05 8.80 43.73 43.16 -1.29 1.28 
CR-04 437.5 92.00 91.10 8.59 8.37 559.0 615.0 0.60 0.46 261.1 130.7 15.95 7.77 0.14 0.05 223.2 252.0 20.06 12.95 90.75 45.45 -3.40 -4.21 
CR-09 438 - 55.10 - 8.94 - 670.0 - 0.62 - 144.2 - 7.94 - 0.07 - 256.8 - 13.51 - 48.71 - -3.65 
WNL - - 38.80 - 6.23 - 477.0 - 0.60 - 99.01 - 3.10 - 0.06 - 124.8 - 11.61 - 90.20 - 1.38 
SW-CM-03 545 22.10 25.60 7.08 8.10 56.80 77.00 5.89 7.17 4.61 4.97 2.07 1.82 1.56 1.77 42.00 43.20 1.57 0.31 2.62 1.46 8.78 20.44 
SW-CR-09 436 24.00 29.70 7.50 7.40 95.00 111.9 7.51 7.85 9.60 6.25 2.80 2.48 2.41 2.67 64.80 67.20 2.60 1.09 3.04 2.09 4.66 1.49 
SW-CR-03 410 21.20 - 7.50 - 73.00 - 5.13 - 5.77 - 2.41 - 2.31 - 39.60  1.18 - 1.39 - 2.49 - 
SW-01 - 22.40 28.10 7.50 8.35 110.6 136.2 10.93 8.56 5.28 9.64 3.20 2.20 3.26 2.71 66.00 67.20 2.09 0.85 2.63 2.71 -5.15 -8.95 
RV-CM-03 531 24.00 - 7.60 - 585.0 - 53.27 - 18.41 - 5.03 - 26.37 - 176.4 - 3.81 - 175.5 - 12.43 - 
SW-WNL - - 32.80 - 7.52 - 26.80 - 1.01 - 3.15 - 1.30 - 0.65 - 14.40 - 0.86 - 0.34 - 9.58 





Figure 4.2-1: Triangular diagram of (a) major anions (modified from Giggenbach, 1988) and 





Figure 4.2-2: Triangular diagram of (a) major anions (modified from Giggenbach, 1988) and 









Moreover, the surface water samples show a seasonal variation that fluctuated along the 
LMWL. Meanwhile, there is an insignificant seasonal variation in the thermal water, and this 
variation is lower than the uncertainty of the measurement (  18O <0.2 ‰  and 2H <2  ‰) 
(Table 4-4). The surface water (SW-WNL) and thermal water (WNL) from Wiang Nong Lom 
Swamp have isotopic values more enriched than other areas, which could be caused by an 
evaporation effect. In Figure 4.2-3(b), thermal water does not have a correlation with the 
magmatic water area. 
Most of the 18O-shifted results in thermal waters are higher than the analytical precision for 
18O while most of the 18O-shifted results in surface waters are lower than the analytical 
precision (0.2 ‰) (Table 4-4). However, the ranges of the 18O-shifted results in thermal water 
for the pre-monsoon season (0.24 to 0.69 ‰) are slightly higher than that for the pre-monsoon 
season (0.12 to 0.63 ‰) as well indicating that a small seasonal effect on the interaction 
between water and rock (water-rock interaction) is present.  
Table 4-4: Stable isotope results in thermal water and surface water samples in Mae Chan 





pre-monsoon seasons  








CM-03 -59.79 -7.89 0.63 -59.51 -7.81 0.69 -0.27 -0.09 
CM-16 -58.43 -8.2 0.16 -58.25 -8.08 0.25 -0.18 -0.11 
CR-02 -54.34 -7.3 0.53 -54.04 -7.17 0.63 -0.3 -0.13 
CR-03 -57.32 -8.09 0.12 -56.56 -7.88 0.24 -0.76 -0.21 
CR-08 -55.07 -7.55 0.38 -55.3 -7.58 0.37 0.23 0.03 
CR-04 -57.45 -7.84 0.39 -57.27 -7.79 0.42 -0.19 -0.05 
CR-09 - - - -53.65 -6.88 0.87 - - 
WNL - - - -25.24 -2.16 1.96 - - 
SW-01 -52.41 -7.51 0.08 -48.41 -6.8 0.28 -4 -0.71 
SW-CM-03 -57.26 -8.45 -0.24 -54.24 -8.03 -0.21 -3.02 -0.42 
SW-CR-09 -54.4 -7.83 0.02 -48.27 -6.77 0.29 -6.13 -1.05 
SW-WNL - - - -47.7 -6.01 0.97 - - 
SW-CR-03 -52.24 -7.68 -0.11 - - - - - 






Figure 4.2-3: (a) Stable isotope results in thermal water and surface water samples from post-
monsoon (December 2014) and pre-monsoon seasons (March 2016), compared with LMWLs 
from Chiang Rai station. The blue symbols represent the samples, collected in December 2014, 
while red symbols represent the samples, collected in March 2016. The gray dot line represents 
the linear from the LMWL equation. The navy blue-square symbol represents the average 
rainfall from three-year weighted mean data. The blue-dot line represents the linear from the 
local evaporation. (b) these results comparing with the magmatic water area was plotted 













































































































































4.2.3.2 Carbon stable isotope ( 13C), radiocarbon (14C), and tritium (3H) 
The analytical results of 13C, 14C, and 3H in the thermal waters are shown in Table 4-5 . The 
thermal water 3H concentrations are below the detection limit (<0.3 TU), while the surface 
water 3H concentrations range from 1.5 to 2.0 TU. The results of 𝛿 13C indicate the wide 
variation for both the thermal and surface water, range from -4.35 to -32.27 ‰PDB, and the 14C 
activities vary between 0 to 20.42 pMC. The calculated fluid resident times from 14C by Eq. 
(3.6) range from 12,760 to longer than 30,000 BP. 
As the 13C and dissolved inorganic carbon (DIC) can identify the complex geochemical 
processes which disturbing the 14C. The alkalinity analysis in chapter 4.2.1, shown in Table 4-
3, indicates that the DIC in all of water are in the bicarbonate ion form (HCO3-). Therefore, 
these parameters are integrated with the 14C interpretation to understand the geochemical 
processes of carbon and to improve the fluid residence time estimation in the Mae Chan thermal 
springs. The details are described in the further chapter (Chapter 4.3). 
4.2.4  Geothermometer estimation. 
4.2.4.1 Cation geothermometer 
The estimated reservoir temperatures from cation geothermometers range from 97.7 to 
381.3 °C, are shown in Table 4-6 . The estimated reservoir temperatures from Na-K-Ca 
geothermometer (261-381.3 °C) are higher than that from the Na-K and K-Mg 
geothermometers, ranging from 99.1 to 215.4 °C, and 97.7 to 295.8 °C, respectively. Moreover, 
these temperature results from adiabatic cooling and conductive cooling of the K-Mg 
geothermometer mostly have similar values, implying that the conductive cooling may not 
occur. 
4.2.4.2 Silica geothermometers 
The estimated reservoir temperature results from the silica geothermometers range from 
90.1 °C to 176.5 °C, (Table 4-7) and, consistent previous results from DAEDE, (2007b) and 
DGR, (2016). Temperature results from the quartz geothermometer (105-176.5 °C) are higher 
than those from the chalcedony geothermometer (90.1-152.7 °C), while the quartz 
geothermometer results from maximum steam loss are mostly similar as the results from the 




Table 4-5: Tritium, stable isotope of carbon, and radiocarbon results in hot springs in Mae Chan geothermal area. 
Location Name 
Tritium DIC * 13C Measured 14C Estimated resident times 
TU error mg/l Permil (‰) error pMC error BP error 
CM-03 Fang Hot spring 0 0.2 218.4 -4.35** 0.19** 19.63** 1.24** 13,080 520 
CM-16 Mullika Hot spring 0.1 0.1 222.0 -32.27 1.073 11.41 0.42 17,440 30 
CR-02 Huy Mark lieum Hot spring 0.1 0.2 181.2 -10.58 0.079 20.42 1.25 12,760 510 
CR-03 Par Sert Hot spring 0.1 0.1 198.0 -16.58 0.118 n.d. n.d. n.d. n.d. 
CR-08 Pong Pra Bath Hot spring 0 0.1 156.0 -10.11 0.312 10.48 0.51 18,120 400 
CR-04 Mae Chan Hot spring 0 0.1 223.2 -7.05** 0.49** 0 0 >30,000 n.d. 
WNL Wiang nong lom Hotspring 0.3 0.2 218.4 - - - - - - 
Sw-CR-09 River near Mae Chan 1.5 0.2 64.80 -10.47** 0.23** 83.86 5.22 1410 520 
Sw-01 Kok River 2.0 0.2 66.00 - - - - - - 
SW-WNL Wiang nong lom Surface water 2.2 0.2 - - - - - - - 
n.d.; not detect from the laboratory 
*DIC data obtained from the alkalinity analysis in 2014 which all of water shown in the bicarbonate ion form (HCO3-) 




Table 4-6: Temperature results of cation geothermal estimations. 

























  1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
CM-03 194 154 159 115 187 151 174 136 204 167 215 169 176 144 277 200 132 108 130 107 381 280 
CM-16 144 139 104 99 142 138 126 122 157 153 157 152 137 134 179 172 100 98 100 98 270 261 
CR-02 164 157 126 118 160 154 145 138 176 169 180 171 152 146 215 214 113 113 112 112 298 281 
CR-03 158 190 120 154 155 183 140 169 171 199 173 210 147 172 193 253 105 125 105 123 286 334 
CR-08 146 139 106 99 143 137 128 122 159 153 159 152 138 134 191 187 105 103 104 103 274 264 
CR-04 186 184 150 147 180 178 166 164 196 194 205 202 169 167 296 268 137 129 135 127 358 336 
CR-09 - 178 - 141 - 173 - 159 - 189 - 196 - 163 - 260 - 127 - 125 - 327 
WNL - 141 - 101 - 139 - 123 - 154 - 153 - 135 - 183 - 102 - 101 - 268 
 
Table 4-7: Temperature results of silica geothermometer in Mae Chan area. 
 Surface 
temperature SiO2 Fournier (1977) Fournier and Potter (1982) 
Arnorsson 
(1983) Arnorsson (1988) 
Verma 
(2000) 
Location °C mg/l Chalcedony Quartz (no steam loss) 
Quartz (max. 
steam loss at 
100 °C) 
Quartz Quartza  Chalcedony Quartz Quartza Quartz 
  1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
CM-03 80.40 76.00 140.4 148.5 129 139 154 162 147 154 154 163 148 155 126 135 143 152 137 145 153 163 
CM-16 65.50 62.00 76.13 70.66 93 90 121 119 119 117 121 119 120 118 93 90 108 106 107 105 117 115 
CR-02 53.90 55.50 114.9 105.1 119 114 145 140 139 135 145 140 141 136 117 112 133 128 129 125 143 138 
CR-03 74.80 75.20 107.8 99.06 114 110 140 137 135 132 140 137 137 133 112 108 128 125 125 122 138 134 
CR-08 50.90 52.90 110.0 100.8 115 110 141 137 136 132 142 137 138 133 113 108 130 125 126 122 140 134 
CR-04 92.00 91.10 156.5 154.5 127 139 152 163 145 154 152 163 146 156 124 136 141 153 135 146 151 164 
CR-09 - 55.10 - 184.8 - 153 - 175 - 164 - 175 - 166 - 148 - 166 - 156 - 176 




4.2.5  Rare earth elements of the water. 
The REE compositions in the water samples are given in Table 4-8. The REE contents in 
surface water samples and the thermal water samples range from 0.43 to 4.54 g/l, and from 
0.024 to 0.372 g/l, respectively. Most of the water samples indicate the negative Eu anomalies 
with Eu/Eu* ranging from 0.30 to 1.69, as well as positive Ce anomalies with Ce/Ce* ranging 
from 0.82 to 1.51. In contrast, the RV-CM-03 indicates a positive Eu anomaly (Eu/Eu* = 1.69) 
and Ce anomaly (Ce/Ce* = 0.99)  
The REE contents in water samples are normalized to the composition of chondrite 
(McDonough and Sun, 1995) and plotted for each location in the Figure 4.2-4. There is 
considerably higher REE concentration pattern in the surface water than the thermal water. The 
highest REE concentration is demonstrated in SW-CR-04 in Figure 4.2-4 (a). Most of the 
surface water samples are slightly enriched in LREE relative to the HREE with moderate 
negative Eu anomalies. In contrast, the RV-CM-03 sample has weak positive Eu anomaly in 
Figure 4.2-4(b). 
The REE concentration pattern from the highest temperature water (92oC) in CR-04 in Figure 
4.2-4(a) demonstrate a depleted pattern in the HREE. Low-thermal water samples (< 70 oC; 
CM-16 and CR-02) indicate a relatively flat REE pattern comparing with the REE patterns 
from surface water and rock samples at the same location. However, the high-temperature 
thermal waters (>70 oC; CM-03, and CR-03) in each area show a depleted pattern in the LREE 
relative to HREE, which indicated remarkably in Pr, Nd and Sm elements. The Eu anomalies 
probably are in the negative value which less than the detection limit. Remarkably, CR-08 
samples in Figure 4.2-4 (c), which have the lowest temperature, illustrate show depleted pattern 
in the LREE relative to HREE. 
4.2.6  Rb-Sr composition of the water. 
The Rb contents, Sr contents and Sr isotopic ratio of surface water and thermal waters are 
shown in Table 4-9. The surface water has lower concentrations of both Rb and Sr than the 
thermal waters. The surface water results range from 4.17 to 15.61 µgL-1 for Rb and from 22.18 
to 186.18 µgL-1 for Sr. In thermal waters, Rb contents range between 49.06 and 170.05 µgL-1 
and Sr contents range between 43.27 and 90.97 µgL-1. The measured 87Sr/86Sr ratios range 
between 0.7121 and 0.7347 in surface waters and between 0.7179 and 0.7364 in thermal waters. 




Table 4-8: Rare earth element in the water samples in Mae Chan area. 
  Surface water samples Thermal water samples 
 
 SW-CM-03 SW-CR-09 SW-CR-03 SW-01 RV-CM-03 CM-03 CM-16 CR-02 CR-03 CR-08 CR-04 
























0.0415 1.0880 0.0970 0.1173 0.0100 0.0122 0.0320 0.0381 0.0424 0.0055 0.0110 
Ce 0.1106 2.2692 0.1699 0.1935 0.0155 0.0174 0.0608 0.0828 0.0659 0.0107 0.0215 
Pr 0.0108 0.2660 0.0236 0.0254 0.0008 0.0000 0.0046 0.0089 n.d. 0.0010 n.d. 
Nd 0.0521 1.0329 0.0839 0.1070 0.0075 n.d. 0.0283 0.0202 0.0028 0.0052 0.0044 
Sm 0.0140 0.1816 0.0191 0.0239 0.0029 0.0012 0.0034 0.0044 n.d. 0.0012 0.0018 
Eu 0.0014 0.0272 0.0036 0.0038 0.0013 n.d. 0.0009 0.0005 n.d. 0.0004 0.0006 
Gd 0.0138 0.1567 0.0109 0.0180 0.0015 0.0006 0.0025 0.0034 n.d. 0.0002 n.d. 
Tb 0.0017 0.0223 0.0015 0.0028 0.0001 0.0003 0.0010 0.0012 0.0005 0.0009 0.0003 
Dy 0.0105 0.1234 0.0118 0.0177 0.0023 0.0006 0.0036 0.0083 0.0006 0.0028 0.0000 
Ho 0.0020 0.0228 0.0018 0.0026 0.0007 0.0001 0.0013 0.0015 0.0002 0.0005 0.0005 
Er 0.0067 0.0642 0.0053 0.0090 0.0024 0.0011 0.0020 0.0041 0.0007 0.0015 n.d. 
Tm 0.0015 0.0116 0.0020 0.0019 0.0011 0.0011 0.0013 0.0011 0.0018 0.0013 0.0008 
Yb 0.0068 0.0605 0.0075 0.0079 0.0016 0.0018 0.0034 0.0026 0.0005 0.0018 0.0013 
Lu 0.0008 0.0088 0.0006 0.0020 0.0005 0.0001 0.0002 0.0006 0.0002 0.0000 0.0000 
REE  0.2742 5.3352 0.4385 0.5328 0.0483 0.0363 0.1452 0.1776 0.1157 0.0329 0.0421 
LREE  0.2441 5.0216 0.4080 0.4888 0.0396 0.0313 0.1324 0.1582 0.1111 0.0242 0.0393 
HREE  0.0301 0.3136 0.0305 0.0439 0.0087 0.0050 0.0128 0.0194 0.0045 0.0087 0.0028 
LREE/HREE  8.11 16.01 13.38 11.13 4.54 6.22 10.35 8.16 24.52 2.76 13.98 
(Eu/Eu*)cn  0.30 0.48 0.70 0.54 1.69 n.d. 0.89 0.38 n.d. 1.58 n.d. 
(Ce/Ce*)cn  1.24 0.99 0.84 0.82 0.99 1.11 1.07 1.05 1.20 1.03 1.51 









Figure 4.2-4: Chondrite-normalized REE patterns (McDonough and Sun, 1995) of surface and thermal water samples for location of CR-04 (a), 






Table 4-9: Analytical results of Rb, Sr, and 87Sr/86Sr ratio in the water samples in Mae Chan 
geothermal area. 
Location 87Sr/86Sr SD 
Rb Sr 
Rb/Sr 1/sr 
( g/l) ( g/l) 
CM-03 0.7197 0.00003 156.41 50.26 3.11 0.020 
CM-16 0.7364 0.00002 55.21 46.67 1.18 0.021 
CR-02 0.7278 0.00002 113.86 64.99 1.75 0.015 
CR-03 0.7275 0.00002 100.33 68.44 1.47 0.015 
CR-08 0.7179 0.00002 49.06 90.97 0.54 0.011 
CR-04 0.7258 0.00002 170.05 43.27 3.93 0.023 
SW-CM-03 0.7347 0.00001 4.17 22.18 0.19 0.045 
SW-CR-09 0.7267 0.00002 10.40 46.19 0.23 0.022 
SW-CR-03 0.7275 0.00002 4.80 41.26 0.12 0.024 
SW-01 0.7279 0.00002 5.10 41.93 0.12 0.024 
RV-CM-03 0.7121 0.00002 15.61 186.18 0.08 0.005 
 
The 87Sr/86Sr ratio of the feldspar minerals, the surface water, and the thermal water from the 
Mae Chan geothermal area are plotted by local against geological map (Figure 4.2-5). In 
general, the 87Sr/86Sr ratios in the geothermal and surface water are significantly lower than the 
87Sr/86Sr ratio from the granitic host rock samples. Apart from that, the 87Sr/86Sr ratios in CM-
03, RV-CM-03, and CR-08 water samples are significantly lower than 87Sr/86Sr ratios in the 












Figure 4.2-5: Spatial distribution of the 87Sr/86Sr ratio in the feldspar mineral (Yellow 
background), the surface water (Blue background), and in the hot springs water samples (White 
























4.3.1  Hydro-geochemistry and origin of water 
4.3.1.1 The origin of thermal water  
In hydrological cycles, the meteoric water is the primary source of geothermal water. The 
isotopic composition of hydrogen and oxygen in thermal water reflects a combination of 
isotopic effects that occur in locally infiltrated meteoric water, for instance: temperature 
effects, altitude effects, continental effects, amount effects, and source effects (Dansgaard, 
1964; Rozanski et al., 1993). 
The LMWL of the Chiang Rai station (HAII, 2016) is consistent with previous results that 
obtain from surface water samples (Kita et al., 1990), and is also in agreement with the GMWL 
(Clark, 2015), 2H = 8 18O + 10. All three meteoric water lines are slightly difference in the 
slope and the deuterium excesses of these equations.  
2H and 18O results of Mae Chan thermal water and surface water samples, which plot close 
to the LMWL in the stable isotope relationship diagram (Figure 4.2-3(a)) and does not correlate 
with the magmatic water area from Giggenbach, (1992) (Figure 4.2-3(b)). Therefore, these 
indicate that the main source of thermal and surface water only derives from local meteoric 
water without magmatic sources. This is in good agreement with the previous study from Kita 
et al., (1990) demonstrating that the Fang thermal water originates from the local meteoric 
water.  
The isotopic compositions of thermal water samples are more depleted than the surface water 
and the mean weight isotopic composition of precipitation. The decrease in isotope values for 
precipitation varies according to a function of increasing elevation since isotopic fractionation 
occurs from the cooling and condensation of water vapor as it rises over the mountain (Rowley 
et al., 2001; Rowley and Garzione, 2007). Therefore, the recharge areas of thermal water are 
located at the higher elevations and can be estimated by using the Eq. (3.4) with the altitude-
18O gradient in Thailand from Doi Inthanon reported, -0.22‰/100m (TINT, 2012). The results 
of the recharge elevation range from 740 to 1,200 m AMSL and are shown in Table 4-10.  
The 18O values in the thermal waters from the pre-monsoon seasons are slightly higher than 
that those from the post-monsoon seasons. In addition, most of the thermal waters have shifted 




water and rock (water-rock interaction). Amatyakul et al. (2016, 2015) suggested that the heat 
source for the Fang and Mae Chan thermal springs are derived from convective flows through 
weathered and fractured granite in a shallow system (less than 500 m below the surface). This 
shallow system may be sensitive to seasonal changes, for instance, less recharge water during 
the pre-monsoon season could contribute to increasing the rock-water ratios in the system. This 
would increase the isotopic exchange mechanism between the initial 18O of the water and the 
heavy 18O of the surrounding rock mineral. Therefore, it can be implied that the Mae Chan 
thermal water interacted with the surrounding rock and/or at low-temperature conditions, and 
the degree of interaction probably relies on the seasonal effects.  
Table 4-10: Results of recharge elevation estimation from the isotopic composition of thermal 




Recharge elevation  
(m AMSL) 
 1st 2nd 
CM-03 550 1,213.42 1,197.51 
CM-16 474 1,058.61 1,048.05 
CR-02 409.4 756.61 739.34 
CR-03 413 933.17 889.23 
CR-08 399 788.69 802.09 
CR-04 437.5 965.53 954.78 
CR-09 435 - 742.07 
Apart from RV-CM-03, WNL and SW-WNL, the value range of field parameters and chemical 
composition of these samples match each other samples. However, in Figure 4.2-3 (a)., the 
isotopic composition of these samples deviated significantly to the right of the LMWL. These 
samples are collected from a reservoir (RV-CM-03), a swamp-grass area (SW-WNL and 
WNL). These areas probably have high evaporation in the pre-monsoon seasons then mixing 
with the meteoric water in the post-monsoon seasons. Our results are higher in temperature and 
EC compared to the previous WNL hydro-chemical results from S.H. Wood, (2015), collected 
in May 2014 (during the monsoon season). It can be implied that a shift of isotopic composition 
could be derived from the evaporation effect during the pre-monsoon season. Therefore, the 
correlation of these surface water should represent the evaporation effect of this area, which is 




4.3.1.2 Geochemical processes 
Groundwater geochemistry is controlled by the chemical and physical processes of subsurface 
systems such as cation exchange, dissolution of silicate minerals and the dissolution and/or 
precipitation of carbonates and gypsum (Cartwright and Morgenstern, 2012). In the Mae Chan 
geothermal area, thermal waters provided a higher chemical concentration relative to surface 
water and meteoric water. From the triangular diagram, the water samples are dominated by 
Na-HCO3 type which commonly characterized in the shallow condensate zone from the 
margins of the geothermal fields (Nicholson, 1993). This is consistent with the previous hydro-
geochemical and geophysical results from Magnetotelluric (MT) data and drilling profile in the 
Fang and Mae Chan hot springs. This indicates that those reservoirs are located above a depth 
within only a few hundred meters (Amatyakul et al., 2016, 2015). Moreover, the isotopic 
compositions in thermal water indicate the precipitation origin. These would reflect the 
development of chemical concentration from rainwater and surface water to the subsurface 
geothermal system.  
As aforementioned in Chapter 3.3, for visual identification of the geochemical processes, the 
analytical major-ion compositions in thermal waters samples and the major-ion compositions 
in Post-ET (Table 5-4) are plotted in the Schoeller’s diagram in Figure 4.3-1.  
In Figure 4.3-1, most of the major ion concentrations in thermal water (F-, Na+, K+, and SO4-) 
are increased from major-ion compositions in Post-ET. The geological setting of these thermal 
water is the granitic basement rock, which mainly composes of plagioclase (Na-feldspar), K-
feldspar, and Biotite. These minerals can provide major-ion compositions to the water at the 
higher temperature and long residence time. This implies that the concentration of F-, Na+, K+, 
and SO4- could be attributed to the water-rock interaction after the water flow through the 





Figure 4.3-1: Correlation diagram of the major ion concentrations between in the geothermal 
water versus in the precipitation. 
In contrast, Ca2+ and Mg2+ concentrations in thermal water are clearly lower than that in the 
meteoric water. According to Nicholson, (1993), Ca2+ and Mg2+ can precipitate in the form of 
carbonates, gypsum, or siliceous sinter at high temperature. This precipitation is in good 
agreement with field exploration results from our and Singharajwarapan et al., (2012) that 
illustrate the silica sinter and silica encrustation at the surface thermal water. Moreover, Mg2+ 
is easily absorbed into these secondary alteration minerals; such as illite and chlorite 
(Nicholson, 1993). These secondary minerals also investigated in a drilled well profile in the 
Fang geothermal area (Wood et al., 2018). Therefore, these imply that Ca2+ and Mg2+ were 
decreased by precipitation processes after the water flow through the undersaturated zone. 
Cl- is a conservative element in the hydrological cycle, and is a useful chemical tracer for 
indicating sources, atmospheric input, and the flow part of the subsurface. The main sources in 
hydrological system are derived from marine salt, human activity, and rock (halite) (Clark, 
2015; Nicholson, 1993; Petelet-Giraud et al., 2003). However, the Cl- concentrations in the 
thermal water samples are in a small range from 2 to 20 mg/l and are located close to the 
chemical concentration of the precipitation (Post-ET) in Figure 4.3-1. These can be indicating 
that Cl in thermal water was assigned to the precipitation origin. 
4.3.1.3 Source of dissolved inorganic carbon and residence time of thermal 
water 
The residence time is an important parameter for evaluating the quantity of the hydrological 
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The residence time estimation from tritium concentration, surface water and precipitation are 
represented as the present input function of the groundwater system. The 3H in surface water 
(1.5 to 2.0 TU) in the Mae Chan geothermal area correlate fairly well with modern precipitation 
in the Nakhon Nayok Province in Thailand, ranging from 2.5 to 3.0 TU (Yongprawat et al., 
2012).  
On the other hand, all thermal water samples in Mae Chan have a low tritium content ranging 
between 0 and 0.1 TU. These results are lower than the standard uncertainty of the referenced 
measurement (one sigma level = 0.3-0.4 TU). Geothermica Italiana Slr., (1984) reported 0.7 
TU in Fang and 1.3 TU in Mae Chan hot springs. These results are applied in calculating the 
3H concentration in 2014 in Mae Chan and Fang geothermal areas by common Radioactive 
decay law (Eq. (3.5)), giving 0.11 and 0.20 TU, respectively. In addition to Apollaro et al., 
(2015), the maximum mean residence time by applying the well mixed reservoir model 
indicated 955 ± 292 BP in the Fang hot spring and 507 ± 97 BP in the Mae Chan hot spring. 
Therefore, these can suggest that these hot springs have the moderate flowing rate and the 
residence time in thermal springs is older than 60 years. 
For carbon sources and residence time estimation, the thermal fluids in the Mae Chan 
geothermal area have a narrow range of DIC values in the bicarbonate ion form (HCO3-) at pH 
8.3 – 8.9, which a wide range of 13C isotopic composition values. This would indicate the 
presence of complex carbon processes from various carbon sources in the study area. 
The surface water sample Sw-CR-04 contains low DIC, -10.47 ‰ of 13C, and a young water 
age (from 3H and carbon dating). This sample was collected during the post-monsoon season 
from a small stream beside the Mae Chan area, where is topographically considered as the 
upstream river. In fact, the gas exchange with the atmosphere and groundwater inputs seem to 
play an important role in 13C-DIC in small rivers at the upstream river (Finlay, 2003; Roach et 
al., 2016). This 13C ratio in the surface sample probably derived from the unsaturated zone 
(subsurface flow). However, there is a noticeable difference between this 13C value and the 
low 13C values of organic soil gas (CO2(g-soil)) in the Fang area (average -21.7 ‰)(Kita et al., 
1990). According to Wood et al., (2018), the field exploration in the Fang area, the massive 
gray limestones from the Paleozoic sediments are exposed in some area at the Doi Kia fault 
contact. However, the HCO3- results in surface and thermal waters indicate low concentration. 
Hence, this can imply that these waters have less/no contact with the geologic limestone. The 




carbon in the local shallow groundwater. Under the open-system condition, if the recharge 
water slowly infiltrates and dissolves CO2 (g-soil). The dissolved CO2(aq) evolves to HCO3- in the 
equilibrium condition. The changed chemical state of this CO2 associated with an estimated 
13C fractionation of around +1 ‰ and its equilibrium transition form associated with estimated 
13C fractionation from +9 to +11 ‰ (Clark, 2015; Mook et al., 1974; Myrttinen et al., 2012; 
Szaran, 1998). Therefore, the 13C from the surface water sample probably derived from the 
13C fractionation processes of CO2(g-soil) in the local shallow groundwater. 
A wide range of 13C isotopic compositions is demonstrated in the geothermal water (from -
4.35 to -32.27 ‰), indicating a variety of carbon sources in the system. As the thermal water 
discharge from fractures in outcrops of the granitic basement. The primary carbon source of 
thermal water would be derived from CO2 (g-soil) of surface water. For this reason, the carbon 
sources in the geothermal system can be distinguished into three differential isotopic groups 
based on the 13C isotopic compositions of the surface water. 
The first group comprises of CR-02 and CR-08. This group has the detected 14C activity and 
the 13C ratio in the range of the 13C ratio from Sw-CR-04. It can imply that this system has 
no additional carbon during the flow part. The 14C decay process probably occurred after 
filtering into the closed system before arising to discharge area. Therefore, the age of 14C dating 
in this group would indicate the residence time of the system. 
The second group comprises of CM-03 and CR-04. The 13C ratio of this group is more 
enriched than the 13C ratio from Sw-CR-04. This group displays lower 14C activity and 
slightly higher DIC than from the first group. This data may indicate that additional carbon was 
introduced by inorganic matter and the additional carbon is more enriched in 13C than the 
CO2(g-soil). Moreover, the 13C ratios of this thermal fluid are similar to the 13C ratio of the 
Fang hot spring gases (Kita et al., 1990). These can imply that this geothermal fluid 13C ratio 
may react with the enriched 13C ratio of geologic gases. The estimated residence time from 
14C dating is longer than a realistic residence time. 
The third group comprises of CR-03 and CM-16. This group has a more depleted 13C ratio 
and has high 14C age than the surface water (Sw-CR-04). These depleted 13C ratios may have 
been influenced by organic matter and/or other carbon sources which are more depleted in 13C 
than the CO2(g-soil). However, the CO2 (g-soil) concentration and 13C of the CO2 (g-soil) have not 




DIC in this group is still not clear. The CM-16 sample had the most depleted 13C ratio of -
32.27 ‰. It is in line with previous results from Stute, (1989) and Thomas, (2018), and were 
interpreted as the result of methane oxidation by sulfate reduction (Eq. (4.1)). This hot spring 
is geologically located in Paleozoic sedimentary rock along the Mae Chan fault line, where 
interbeds of shale are exposed (Imsamut and Krawchan, 2005). As reported by Wood et al., 
(2018), Fang basin discovered oil seeps and developed 240 petroleum production wells for 
many years. Therefore, this area has a possibility for methane emissions. Moreover, this hot 
spring indicates the sulfate reduction evidence from field exploration, such as strong rotten egg 
odor and an abundance of fine black particulates, which presumably are sulfide mineral 
precipitates. For these reasons, this thermal water probably undergoes methane oxidation by 
sulfate reduction processes. 





4.3.2  Geothermal assessment, geothermometer application. 
Different geothermometers provide a different range of temperature results. On the other hand, 
if the system has not reached the water-rock equilibrium state and/or has been mixed with 
cooled water while rising to the surface, a straightforward temperature estimation from these 
geothermometers would not provide reliable temperature results. This study recognizes three 
graphical tools for validating these geothermometers in Mae Chan hot springs: Na-K-Mg 
triangular diagram, the quartz/Na-K diagrams and quartz/Mg-K diagrams, and the silica-
enthalpy mixing model. 
4.3.2.1 The Na-K-Mg triangular diagram. 
All of the Mae Chan thermal waters are in the partial equilibrium water in the regime of the 
Na-K-Mg triangular diagram (Figure 4.3-2) indicating that these waters are not reached in 
equilibrium condition with host rock and/or mixed with cold water. Moreover, water samples 
are classified into two groups. The first group is in the higher temperature (CR-04, CR-09, CR-
02, and CM-03) and the second group is in the lower temperature (CM-16, CR-08, and CR-
03). 
4.3.2.2 The Quartz/Na-K diagram and Quartz/Mg-K diagram 
The graphical correlation between the silica geothermometer and two cation geothermometers 
(Na-K and Mg-K) with the different rates of equilibrium reactions has been applied to check 
the validity of each aforementioned geothermometer.  
The Quartz/Na-K diagram (Giggenbach, 1988) and the Quartz/ Mg-K diagram (Giggenbach et 
al., 1994) compare the logarithm of chemical concentrations from Mae Chan hot springs and 
theoretical geothermometer lines (Figure 4.3-3(a), and 4.3-3(b) respectively). These theoretical 
lines represent the maximum Na/K ratio, Mg-K ratio and silica content at a given temperature 
obtained from the equation in Table 3-1. and Table 3-2., which comprised of amorphous silica 
geothermometer, chalcedony geothermometer, quartz geothermometer (no steam loss and 







Figure 4.3-2: Na-K-Mg triangular diagram (modified from Giggenbach, 1988) for the 
considered thermal waters of Mae Chan area. 
In Figure 4.3-3(a), the quartz/Na-K diagram results illustrate that all of the thermal waters are 
located below the theoretical line. For this reason, albite and K-feldspar minerals (which are 
represented by Na+ and K+), are probably not present as hydrothermal minerals also the thermal 
water is probably not reached to the equilibrium condition. 
In Figure 4.3-3(b), the quartz/Mg-K diagram results demonstrate that most of the thermal water 
are located close to the chalcedony, the quartz adiabatic cooling and conductive cooling lines 
in the lower part of the graph (<150 °C). CR-08, CR-02, CR-04, and WNL are located in the 
chalcedony equilibrium line, indicating that these hot springs are reliable on the conservative 
K-Mg and chalcedony subsystem. CR-03 and CM-16 are located in the quartz adiabatic cooling 
and quartz conductive cooling lines, showing that these hot springs are reliable on the 
conservative K-Mg and quartz subsystem. Therefore, these diagrams can suggest that most of 
thermal water are reliable on the conservative K-Mg and chalcedony subsystems, which are 





Figure 4.3-3: Quartz/Na-K diagram (modified from Giggenbach, 1988) and Quartz/Mg-K 
diagram (modified from Giggenbach et al., 1994) for the considered thermal waters of Mae 
Chan area. 
4.3.2.3 The Silica-enthalpy mixing model 
The results of the triangular diagram and the quartz/Cation-ratio diagram from Mae Chan hot 
springs can imply that all of the samples contain partially equilibrated water, and most of the 
thermal water are controlled by the rapidly equilibrium reaction of chalcedony and Mg-K 
geothermometers. As proposed by Founier, (1989), another silica phase can be used to replace 
the quartz solubility equation. Therefore, in this study, the chalcedony equation and chalcedony 
steam-loss geo-thermometer from Arnórsson et al., (1983) are applied instead of the quartz 
solubility. 
The average dissolved silica concentrations of thermal water and cold water are plotted against 
the corresponding enthalpies from Mae Chan hot springs along with the results, comparing 
with three theoretical reference lines (Figure 4.3-4(a) and 4.3-4(b)).  
The results in the first scenario illustrated that both graphs can draw a mixing line converge on 
the chalcedony solubility curve. Except for CR-02 and CR-08 in post-monsoon season, the 
enthalpy from the convergent point (at point A) is higher than the limitation of the chalcedony 
geothermometer i.e., more than 1085.32 J/g (at 250 °C) (Arnórsson, 2000; Fournier and Rowe, 
1977). Therefore, it can be roughly implied that this model and the estimation of the mixing 
ratio from the first scenario is not suitable for the CR-02 and the CR-08 hot springs in post-
monsoon season, shown in Table 4-11. The dilution ratios from enthalpy (H) and SiO2 (S) in 
















































































      
 
Figure 4.3-4: Silica-enthalpy mixing diagram of Mae Chan hot spring in Post-monsoon season 
(a), and in pre-monsoon season (b). The results compare with three theoretical reference lines; 
The first line (blue line) is the chalcedony solubility curve, and the second line (purple line) is 
the chalcedony maximum steam loss curve. Both curves estimated from the equation of 
chalcedony and chalcedony steam-loss geothermometer from Arnórsson et al., (1983). The 
third line (vertical gray line) refers to the boiling point of the water (at 100 °C) which has been 
assumed equal to 419 J/g of the enthalpy at saturation state (Wagner and Hans-Joachim, 2007). 
The results on second scenario (Table 4-11) show that: the initial SiO2 concentrations range 
from 225 to 355 mg/L, the corresponding reservoir temperatures range from 132 to 199 °C, 
enthalpy dilution ratio (H) range from 0.80 to 0.93, and dilution ratio SiO2 (S) range from 0.73 
to 0.83. Apart from that, the results of CR-04 indicate lower value relative to the other hot 
springs.  
This model shows that if thermal water has been mixed with cool water during the discharging 
process, the geothermal reservoir would have a high temperature (approximately ranging from 
129 to 168 °C). Most of the samples indicate stream-loss during ascension to the surface and 





























































































Table 4-11: Estimated initial reservoir temperature and initial SiO2 concentration from the 
Silica-enthalpy mixing diagram and mixing ratio results in pre-monsoon season and post-
monsoon season. 
  CM-03 CM-16 CR-03 CR-04 CR-08 CR-02 











Enthalpy 337 318 274 260 313 315 385 382 213 221 226 232 
SiO2 133 153 74 71 106 99 128 155 108 99 115 105 
Enthalpy (Point 
A) 920 1200 700 750 800 750 760 950 n.a. 1200 n.a. 1200 
SiO2 (Point A) 425 750 240 275 320 275 285 470 n.a. 750 n.a. 750 
Temperature * 216 274 166 178 190 178 180 222 n.a. 274 n.a. 274 
Dilution Ratio 
H  0.71 0.82 0.70 0.78 0.69 0.69 0.56 0.69 n.a. 0.91 n.a. 0.90 












172 225 134 148 152 148 148 165 278 148 278 225 
Initial dissolved 
SiO2 (Point D) 160 203 129 140 144 140 140 155 245 140 245 203 
Temperature* 138 154 124 129 131 129 129 135 168 129 168 154 
Dilution Ratio 
H 0.50 0.63 0.58 0.67 0.52 0.54 0.35 0.42 0.81 0.54 0.79 0.79 
Dilution Ratio S 0.24 0.35 0.49 0.60 0.33 0.38 0.14 0.07 0.64 0.38 0.61 0.58 
*Temperature and enthalpy of geothermal reservoir determines from international steam 
table at saturation state (Wagner and Hans-Joachim, 2007). 
4.3.2.4 The reservoir depth estimation. 
Identifying the fluid circulation depth is thus critical to understand the dynamic behavior of the 
Mae Chan geothermal system. The high geothermal potential of Fang and Mae Chan hot 
springs have been continuously investigated and the geothermal potential for utilizing 
geothermal energy has also been evaluated (DAEDE, 2007a; Geothermica Italiana Slr., 1984; 
Raksaskulwong, 2015; Ratanasthein et al., 1988). Wanakasem and Takabut, (1987) provided 
the information on temperature profiles of the Fang shallow geothermal wells; for instance, 
FGTE-6, FGTE-8, and FGTE-10 are shown in Figure 9.1-3 in Appendix 1. The estimated 
temperature gradients of these shallow wells range from 31 to 78 °C/km (average 55.6 °C/km, 
n = 3). Wood et al., (2018) suggested that these wells are influenced by the up-flow zone of 




results in thermal water are not associated with volcanic or underlying magma systems. Thus, 
thermal springs are heated by local temperature anomaly.  
For the geothermal reservoir depth estimation, the highest range of the temperature gradient in 
Fang (78 °C/km) was selected as the representative anomaly heat flow at hot springs that 
changing temperature from the geothermal reservoir to the surface. Since, the quartz/Na-K 
diagram and quartz/Mg-K diagram, most of these hot springs rely on the conservative K-Mg 
and chalcedony subsystem. The estimated depths of geothermal results in these thermal springs 
are shown in Table 4-12. 











1st 2nd min max min max min max 
CM-03 80.4 76 410 662 679 751 1,000 1,046 
CM-16 65.5 62 462 442 359 353 731 712 
CR-02 53.9 55.5 745 737 771 814 1,104 1,147 
CR-03 74.8 75.2 387 638 451 497 797 831 
CR-08 50.9 52.9 681 642 758 796 1,104 1,129 
CR-04 92 91.1 460 577 460 614 781 910 
CR-09 - 55.1 - 992 - 1,255 - 1,537 
WNL - 38.8 - 810 - 785 - 1,105 
 
According to CR-08, CR-02, CR-04, and WNL, they rely on the conservative K-Mg and 
chalcedony subsystem, which has the expected geothermal reservoir depth ranging from 460 
to 814 m from the surface. CR-03 and CM-16 are reliable on the conservative K-Mg and Quartz 
subsystem, has the expected geothermal reservoir depth ranging from 353 to 831 m from the 
surface. In addition, the geothermal reservoir depth estimation in Fang (CM-03) and Mae Chan 
hot springs (CR-04) from Mg/K are consistent with the thermal fluid reservoir depth results 
from 3-D magnetotelluric survey and 3-D resistivity model by Amatyakul et al., (2016, 2015). 
The model provided that the reservoir locates within the five hundred meters below the surface 




4.3.3  Water-rock interaction 
4.3.3.1 The REE in Mae Chan granite. 
In Figure 4.1-1, the distribution of REE results from biotite minerals indicated higher 
concentration relative to whole fresh granite in Chiang Mai and Chiang Rai provinces 
(Charusiri et al., 1994). In contrast, feldspar minerals indicate highly variable REE 
concentration. 
According to Alderton, (1980), the REE concentration of the rock varies by the proportion of 
accessory phases which are contributed to the degree of alteration and deformation. Plagioclase 
minerals have the high potential alteration to the mineral sericite, which is a fine-grained 
white mica and has higher REE concentration. Biotite minerals are altered to chlorite, which 
can accommodate HREE released from the minerals. These are in good agreement with our 
petrology evidence that illustrates sericitization in feldspar and chloritization in biotite samples. 
For instance, the feldspar samples from CM-16 and CM-16-2, which has highly replaced by 
sericite, indicated significantly high REE concentration. Moreover, the biotite sample from 
CR-04, which has highly replaced by minor chlorite and muscovite, indicated the lowest 
LREE/HREE ratio (9.5). These can suggest that the degree of alteration and deformation in 
CM-16 and CM-16-2 feldspar minerals are stronger than that in CR-04 and CM-03 feldspar 
mineral. In contrast, the degree of alteration of biotite minerals in CR-04 is higher than the 
other samples. 
4.3.3.2 The REE in the fluid phase. 
According to the REE compositions in the geothermal fluids are derived from the dissolution 
and alteration of the accessory minerals in the host rocks. The variation in REE composition 
and pattern in water samples may use as an indicator for understanding the fractionation 
mechanism during alteration of rock and fluid transport, the history of rock alteration, and the 
state of equilibrium in water-rock interaction.  
The chondrite normalized REE concentration patterns in Figure 4.2-4 show that the REE 
patterns in surface waters are similar to the REE patterns in the mineral samples and the degree 
of enriched LREE in surface waters is less than that from the mineral samples. Conversely, the 
thermal water results indicate completely different from REE concentration patterns and lower 
compositions relative to those of rocks and surface water. These results are generally consistent 




would be leached from the host rock. After the water passes other permeable rock to the thermal 
system, the REE in thermal water is commonly regenerated by the rock minerals and is 
chemically reduced by increasing temperature and pressure (Migdisov et al., 2016; Möller, 
2007). 
The REE concentration patterns in low-temperature waters (<70 oC; e.g., CR-2 and CM-16) 
demonstrate the flat pattern which may be derived from the surface water. Moreover, based on 
the results, it illustrates markedly depleted LREE pattern (especially in Pr, Nd, and Sm 
elements) relative to HREE in high-thermal water samples (>70 oC; e.g., CM-03, and CR-03 
shown in Figure 4.2-4 (b), and (c), respectively). According to Möller, (2007), this evidence 
points to chemical complexation of various strengths (e.g., OH-, F-, HCO3-, H2PO4-, etc.) which 
plays an important role in the behavior of REE in the hydrothermal system. 
For more detail, the experimental data from Migdisov et al., (2016) points out that chloride (Cl-
) and sulfate (SO42-) are the main ligands responsible for REE transportation, while fluoride (F-
) is the main ligand responsible for REE deposition. These ligands can be used to evaluate the 
REE behavior in the Mae Chan hydrothermal area. The concentrations in These ligands are 
plotted against total REE concentration in Figure 4.3-5. 
From Figure 4.3-5, these ligands indicate negative correlations with total REE content. These 
total REE relationships with Cl- and with SO42- ions (Figure 4.3-5 (a), and (b)) do not support 
the conclusion of Migdisov et al., (2016) who state that these ligands are REE vehicles, which 
increases the mobility of REE complexes. This would lead to the release of the REE complexes 
to the discharge water. 
Conversely, the high negative correlation between F- and total REE concentrations (Figure 4.3-
5 (c)) is in line with the aforementioned conclusion. Leached F- in groundwater leads to the 
crystallization of solid REE-fluoride complexes along the flow path. The LREE-fluoride 
complexes, which have lower solubility relative to the HREE-fluoride complex, were 
precipitated at veinlet before discharging to the outflow. Therefore, these can indicate that the 
total REE concentrations in the Mae Chan geothermal area are chemically controlled by the 
variation of F- ions. Furthermore, the depleted LREE patterns in thermal water are likely 
associated with the precipitation processes of LREE-fluoride complexes along the flow path. 
The lowest temperature water sample in CR-08 also indicates the depleted LREE pattern 
relative to HREE. Although, it is not clearly complete, this may originate as the same processes 




Remarkably, the highest temperature water sample in CR-04 indicates the depleted HREE 
pattern relative to LREE and indicates significant high Cl- and SO42- concentration (20 and 
90.7 mg/L, respectively) in Figure 4.3-5. As suggested by Migdisov et al., (2016), these 
evidence point to Cl- and SO42- ligands may increase the mobility and solubility of the LREE 
complex in CR-04. 
 
   
Figure 4.3-5: Correlation between three ligands for instance; chloride (Cl-) (a), sulfate (SO42-
) (b), and fluoride (F-) (a), and total REE concentration.  
4.3.3.3 Strontium isotopic ratio and chemical concentration in the solid phase. 
According to F. Ridd et al., (2011) and DMR, (2014), they have been conducted on Sr 
geochronology of whole granite in this area. Our rock sampling area is in the central-province 
granitic belt group (S-type) in northern Thailand, where are shown the Sr isotopic ratio, ranging 
from 0.722 to 0.733 and regarded as Permo-Triassic age (210-220 Ma). The results in the 
feldspar minerals correlate fairly well with the 87Sr/86Sr ratio in Fang batholith 0.7295 + 0.0020 
(224+16 Ma). 
From the geological information (Imsamut and Krawchan, 2005; Wood et al., 2018), the 
Triassic (?) granite on the north side of Fang basin is described as unfoliated biotite granite and 
the Triassic (?) granite on the right side of the map is described as unfoliated porphyritic granite, 
while the Mae Chan fault line contact with foliated granitic rock and Paleozoic sedimentary 
rocks. Moreover, our thin-section analysis indicates minerals alteration. The Mae Chan 
geological map (Figure 4.2-5) demonstrates that the feldspar minerals have Sr isotopic 
heterogeneity. Including, the pattern of the spatial distribution of 87Sr/86Sr ratio varies from the 
low value in the east (CR-04) to the higher value further west (CM-03) of the map.  
As results of the 87Sr/86Sr ratio and the Rb/Sr ratio in the granitic mineral samples were plotted 




























































































compositions relative to the feldspar mineral. Conversely, some results of our granite analysis 
indicate significantly low Rb content in biotite and low Sr content in feldspar, for instance, 
CM-03 and CM-16-2. Additionally, CM-04, the 87Sr/86Sr ratio and the Rb/Sr ratio in the biotite 
are not radically different than these from feldspar. Theoretically, the mineral crystallization 
and decay processes are responsible for the significant amount of Rb and Sr content in each 
mineral. Mica minerals (biotite and muscovite) have higher Rb/Sr and 87Sr/86Sr ratios 
compared to feldspar minerals (plagioclase and potassium feldspars). The alteration minerals 
in this area, which demonstrated chlorite, and sericite in the thin-section results, may change 
the rock geochemistry.  
During chloritization, the biotite is broken down in the alteration zone and loses K-Rb elements 
to the fluid, explained by Glodny and Grauert, (2009). Meanwhile, the plagioclase feldspar 
loses Ca-Sr elements to the fluid during sericitization. Therefore, biotite minerals in the CM-
03, CM-16-2, and CM-04, which are indicated alteration minerals in the petrology results, 
show low Rb/Sr ratios and low radiogenic compositions, while the CM-16-2 feldspar minerals 
show high Rb/Sr ratios. 
 
Figure 4.3-6: Strontium isotopic composition of surface granite samples in the Mae Chan 





4.3.3.4 The strontium isotopic ratio and concentration in the fluid phase. 
Dissolved Sr in natural water is derived from different sources which are generally the 
atmospheric inputs and weathering products from minerals and rocks. Sr isotopic ratios can 
provide information on the origin of these solute sources within the water.  
As aforementioned in the Chapter 3, the present study applies the mixing model from Wiegand, 
(2009) (Eq. (3.12)) and the granite dissolution model (Négrel et al., 2001; Petelet-Giraud et al., 
2003) (Eq. (3.13)) to investigate the water-rock interaction. The calculating parameters and 
results of the granite dissolution model are shown in Table 4-13. For the reason that the granite 
cannot be sampled from every water sampling area, the calculation of the mixing model is 
computed from the most representative parent rock of thermal groundwater, as follows; The 
CM-03 rock sample represents the parent rock from CM-03 hot spring. The CM-16 rock 
sample represents the parent rock from CM-16 hot spring. The CR-04 rock sample represents 
the parent rock from CR-02, CR-03, CR-02, CR-08, and CR-04 hot springs. The mixing model 
results are shown in Table 4-14. 
The mixing model regarding of Sr and 87Sr/86Sr ratio indicated that the dissolved Sr 
concentrations in thermal waters are mostly derived from rock ranging from 73.11 to 86.31%, 
are plotted by local against geological map (Figure 4.3-7). The percent of Sr with rock origin 
can be explained by the distance between the fault core and the hot springs. Mitchell and 
Faulkner, (2012) show that long-distance results in low porosity of granite rock, for example, 
low water storage in the granite rock. CR-02, CR-03, and CR-08 are located at a far distance 
from the fault core, compared to CM-03, CM-16, and CR-04. Therefore, the influence of 
dissolved Sr from rock contribution in CR-02, CR-03, and CR-08 (82.50 to 86.31%) is higher 












Table 4-13: Sr, and 87Sr/86Sr ratio dissolution results of the rock samples from the dissolution 
model (Négrel et al., 2001) in Mae Chan geothermal area. 










mg/kg mg/kg  
CM-16 CR-Malika 
Bi 1.1747 22 10 
101.1 0.7376 
FS 0.7364 695 30+30 
CM-16-2 CR-Malica-2 
Bi 1.2520 78 10 
4.4 0.8533 
FS 0.7389 24 30+30 
CR-04 CR-Mae Chan 
Bi 0.7710 63 5 
123.6 0.7233 
FS 0.7230 1,063 45+25 
CM-03 CR-Huay Mae Jai 
Bi 0.8659 169 5 
68.5 0.7456 FS 0.7418 549 40+25 
Qz 0.7454 4 30 




Table 4-14: Mixing model results of Sr, and 87Sr/86Sr ratio in thermal water samples in Mae 
Chan geothermal area. 
Location 
87Sr/86Sr Sr Sr from rock 
% Sr from 
rock 
 g/l g/l % 
CM-03 0.7197 50.26 37.08 73.79 
CM-16 0.7364 46.67 35.05 75.10 
CR-02 0.7278 64.99 53.61 82.50 
CR-03 0.7275 68.44 57.05 83.36 
CR-08 0.7179 90.97 78.52 86.31 


















Figure 4.3-7: Spatial distribution of percent of Sr with rock origin in Mae Chan area, indicating 
that the hot springs are located close to the fault (CM-03, CM-16, and CR-04) have 73.11 to 
75.10% Sr with rock origin (Green background) while the hot springs are located far from the 






















Geothermal fluids are generally controlled by the geological setting of the area and conduct 
with the surface hydrological system. Six hot springs in Mae Chan geothermal area manifest 
along the intrusive Triassic (?)-granite batholith, which is featured mountainous topography 
and commonly associated with the ENE-WSW-trending Mae Chan Fault. In general, 
geothermal fluids are controlled by physical boundary of the region, hence, the groundwater 
flow is marked by the elevation of the major watershed that obtained from a Digital Elevation 
Model (DEM) in ArcGIS v.10.3 (ESRI ©, 1999–2018) from the ASTER 30 m resolution 
dataset (USGS Earth Explorer, 2017), shown in Figure 4.4-1. 
The regional conceptual model can hydrologically explain the local flow direction that the 
precipitation accumulates and flows from the high mountainous area to the lower elevation. 
Moreover, the surface flow directions from each hot spring location are different reflecting 
different watershed. 
The geochemical and isotopic composition results in Mae Chan thermal water are distinctively 
different from that of the surface water (in Chapter 4.2). The stable isotopic composition and 
Cl- concentration results can clearly suggest that the local precipitations are the main recharge 
source of thermal water and surface water without magmatic contact. However, the thermal 
water is recharged from the higher elevation compared with the surface water. Including, the 
chemical concentration, temperature, and EC in geothermal water are higher than that in the 
surface water. The thermal fluid obtains the chemical composition along the flow part that is 
described in the Na-HCO3 type. Tritium and radiocarbon in thermal waters indicated that the 
residence time ranged from 12,760 to 18,000 BP. The wide range of 13C data indicated that 
carbon in thermal water had (i) no external carbon contamination along the flow path, (ii) was 
mixed with local geologic gases, and biological carbon. After the water passes the local 
permeable rock to the thermal system, total REE concentrations are chemically reduced by 





Figure 4.4-1: Topographic map along with sample location point and faults line of the study 
area. The yellow arrows represent the surface flow direction of each area. 
Thermal water in different areas shown a close range of chemical concentration and isotopic 
composition. However, the characterization and evaluation of hydrochemistry indicated that 
the amount of precipitation infiltrates from faults and fractures of the granite with the recharge 
elevations between 740 and 1,200 m AMSL into the underground. This is in agreement with 
the elevation of the area in the ASTER 30 m resolution dataset (USGS Earth Explorer, 2017).  
Based on drilling information and Mg/k geothermometer, the fluid is trapped and heated at the 
reservoir depth between 353 and 814 m (-405 to 150 m AMSL) before ascending to the surface. 
This reservoir depth is in agreement with the earlier Magnetotelluric (MT) results (Amatyakul 
et al., 2016, 2015) interpreted that the pressurized hot fluid in Fang and Mae Chan hot springs 
derived from the fractures in the damage zone of the fault at depths of up to 500 m. Moreover, 
the possible heat source in these areas is originated from the batholith granite lying beneath, 
however, the depth and location from the Mae Chan fault line are different, Fang located in the 
northwest of the faults at 2,000 m depth and Mae Chan located in the southwest of the faults at 
1,000 m depth. Moreover, the Sr mixing model provided that the hot springs closed to the fault, 
had 73.11% to 75.10% Sr from the rock, while the hot springs located far from the fault core 
had 82.50 to 86.31% Sr from the rock. Therefore, these hot springs can explain by total six 










For more specific interpretation, five conceptual models in these geothermal hot springs are 
established by considering the surface flow direction from the topographic map, the previous 
geophysical investigation, and our results, 1) CM-03, 2) CR-04, 3) CM-16, 4) CR-02 and CR-
03  
Remarkably, the topographic map is created from a Digital Elevation Model (DEM) using the 
ASTER 30 m resolution dataset (USGS Earth Explorer, 2017) on top of the online topographic 
layer which was embedded in ArcGIS v.10.3 (ESRI ©, 1999–2018). 
1) Fang hot spring (CM-03) 
The CM-03 hot spring is located in 1 km north of the Mae Chan fault zone. The previous  
investigations (Amatyakul et al., 2016; Wood et al., 2018) indicated that the hot spring area 
conducts with the two local faults and two conductivity zone, shown in Figure 4.4-2(a). The 
local faults structures are N-NW trending Mae Jai fault and low-angle detachment Doi kai fault. 
The hot springs conducted with the shallow zone (<50 m) interpreted as impermeable clay zone, 
and the surface to a depth of 500 m interpreted as the pore of sedimentary rock and altered 
granite fracture. This deeper zone is in good agreement with our reservoir depth estimation 
which obtained 400 to 750 m depth. Therefore, these results and the topographic of CM-03 can 
suggest that surface flow is directed towards the high mountainous area in the north to the 
lower elevation in the south (Figure 4.4-2(a)). The precipitation water infiltered from the 
granitic fracture at the high mountainous area (1,200 m AMSL) in the north of the Mae Chan 
fault. The water flows through the fractured and weathered granite and the sedimentary rock at 
the 400 to 750 m depth of geothermal reservoir (150 m to -200 m AMSL). The heat source of 
the system heated the fluid from 108 to 135 oC. The thermal fluid rises from reservoir depth 
(400 to 750 m depth) to the shallow zone (<50 m) by Mae Jai fault and Doi kai fault. The travel 
time period is more than 60 BP. The thermal fluid obtains the chemical composition along the 
flow part that is described in the Na-HCO3 type. The conceptual model of CM-03 hot spring 
shown in Figure 4.4-2(b). 
In addition, the reservoir water in this area (RV-CM03), located lower elevation comparing 
with CM-03, have a low strontium isotopic ratio with high Sr concentration. Moreover, the 
stable isotope composition indicate a high evaporation effect in the pre-monsoon seasons, these 
would be implied that the reservoir water probably derived from the mixing process between 




applied binary a mixing model to identify the primary Sr concentration before evaporation. The 
primary Sr concentration is 53.78 ug/l and has been evaporated to 3.46 times.  
 
(a)                                                          (b) 
Figure 4.4-: Topographic map with major and local faults structures (a) and conceptual model 
(b) of Fang hot spring (CM-03). The purple circle represents the water sample location. 
Detachment Doi Kai and Mae Jai faults drawn according to a recent survey (Amatyakul et al., 
2016; Wood et al., 2018). The red line is the estimated orientation Mae Chan Fault. The orange 
line (cross-section line; A-A’) represents the location of the conceptual model generated from 
our geochemical and isotopic investigation. 
2) Mae Chan hot spring (CR-04) 
The surface flow is directed towards the south and the north of the fault. As our reservoir depth 
estimation in CR-04 is in good agreement with the magnetotelluric survey in Mae Chan 
hydrothermal system from (Amatyakul et al., 2015) that the surface hot fluid is ascended from 
the storage identified by two conductivity zone at 250 depth and 500 m depth. These 
conductivity zones are located in the north-west direction from Mae Chan fault, while the high 
resistivity zone of deeper granitic batholith located in the south of the fault (Figure 4.4-3. (a)). 
Based on these and our results can suggest that the precipitation water infiltered from the high 





















of geothermal reservoir (-22.76 to -165.06 m AMSL) which comprised of fractured and 
weathered granite and the sedimentary rock. The heat source of the system should be from the 
great depth of the granitic batholith in the south of the map and warmed the fluid to 127 to 137 
oC. Then, the thermal fluid rises up to the surface along the fault’s core direction which has the 
travel time period more than 60 BP. The thermal fluid obtains the chemical composition along 
the flow part that is described in the Na-HCO3 type. The conceptual model of CR-04 hot spring 
shown in Figure 4.4-3 (b).    
 
(a)                                                          (b) 
Figure 4.4-2: Topographic map with major and local faults structures (a) and conceptual model 
(b) of Mae Chan hot spring (CR-04). The green circle represents the water sample location. 
The red line is the estimated orientation of Mae Chan fault. The orange line (cross-section line; 
B-B’) represents the location of the conceptual model generated from our geochemical and 
isotopic investigation. 
3) Mullika hot spring (CM-16) 
The topographic of CM-16 indicates that surface flow is directed towards the high mountainous 
area in the north to the lower elevation of the fault line (Figure 4.4-4. (a)). The hydro-chemical 
and isotope results demonstrate that the precipitation water infiltered from the high 
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geothermal reservoir (12 to 121 m AMSL). The heat source of the system should be from the 
great depth of the granitic batholith in the south of the map and heat the fluid to 98 to 100 oC. 
Then, the thermal fluid rises up to the surface along the fault’s core direction which has the 
travel time period more than 60 BP. The thermal fluid obtains the chemical composition along 
the flow part that is described in the Na-HCO3 type. The conceptual model of CM-16 hot spring 
shown in Figure 4.4-4. (a).   
     
(a)                                                        (b) 
Figure 4.4-3: Topographic map with major and local faults structures (a) and conceptual model 
(b) of Mullika hot spring (CM-16). The green circle represents the water sample location. The 
red line is the estimated orientation Mae Chan fault. The orange line (cross-section line; C-C’) 
represents the location of the conceptual model generated from our geochemical and isotopic 
investigation. 
 
4) Huy Mark lieum hot spring (CR-02) and Pha Soet hot spring (CR-03) hot springs 
These hot springs are geologically located in the same location, shown in Figure 4.4-5. (a). 
However, the stable isotope and geothermometer results from these hot springs provide 
different ranges suggesting that these hot springs ascend from different systems. The 
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The topographic of CR-02 indicates that surface flow is directed towards the high mountainous 
area in the north to the lower elevation in the south. The hydro-chemical and isotope results 
can suggest that the precipitation water infiltered from the high mountainous area (740 to 750 
m AMSL) and infiltered towards a geothermal reservoir at 737 to 814 m depth (-335.5 to -
404.7 m AMSL). The heat source of the system heated the fluid to 112 oC. Then, the thermal 
fluid rises up to the surface along the fault or fracture direction which has the travel time period 
12,760 BP. The thermal fluid obtains the chemical composition along the flow part that is 
described in the Na-HCO3 type. 
The topographic of CR-03 indicates that surface flow is directed towards from the high 
mountainous area in the south to the lower elevation in the north. The hydro-chemical and 
isotope results interpreted that the precipitation water infiltered from the high mountainous 
area (890 to 940 m AMSL) and infiltered towards the geothermal reservoir at 387 to 638 m 
depth (26 to -225 m AMSL). The heat source of the system heated the fluid to 105-123 oC. 
Then, the thermal fluid rises up to the surface along the fault or fracture direction which has 
the travel time period more than 60 BP. The thermal fluid obtains the chemical composition 
along the flow part that is described in the Na-HCO3 type. 
 
 (a)                                                        (b) 
Figure 4.4-4: Topographic map with major and local faults structures (a) and conceptual model 
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represent the water sample locations from CR-02 and CR-03, respectively. The orange line 
(cross-section line; D-D’) represents the location of the conceptual model generated from our 
geochemical and isotopic investigation. 
5) CR-08 
The topographic of CR-08 indicates that surface flow is directed towards the high mountainous 
area in the north-west to the lower elevation in the south-east Figure 4.4-6 (a). The hydro-
chemical and isotope results can suggest that the precipitation water infiltered from the high 
mountainous area (800 m AMSL) and infiltered towards the geothermal reservoir at 642 to 796 
m depth (-243 to -397 m AMSL). The heat source of the system heated the fluid to 105 oC. 
Then, the thermal fluid rises up to the surface along the fault or fracture of the local granite, 
and manifest to the alluvium deposit which has a travel time period 18,120 BP. The thermal 
fluid obtains the chemical composition along the flow part that is described in the Na-HCO3 
type. The conceptual model of CR-08 hot spring shown in Figure 4.4-6 (b).  
 
(a)                                                        (b) 
Figure 4.4-5: Topographic map with major and local faults structures (a) and conceptual model 
(b) of Mullika hot spring (CM-16). The orange circle represents the water sample location. The 
orange line (cross-section line; E-E’) represents the location of the conceptual model (b) 
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The NE-SW Mae Chan fault in the northern part of the country manifests two among five 
highest potential hot springs in Thailand. These hot springs have been continuously 
investigated and successfully installed the geothermal utilization facility. One the other hand, 
there have been few published investigations of low enthalpy (low temperature) hot springs 
along the Mae Chan fault. 
The integration of hydro-geochemical concentration together with the isotope composition of 
the thermal water provides valuable information about the meteoric origin, chemical processes, 
travel time, geothermal reservoir, and water-rock interaction. These can help to evaluate and 
understand the granitic hydrothermal system of the Mae Chan area in the northern part of 
Thailand. 
-Measured stable isotopic ratios ( 2H and 18O) of thermal water from the pre- and 
post-monsoon seasons point out a shallow-circulating meteoric origin and recharge from the 
high elevation of the mountainous area ranging from 740 to 1200 m AMSL. Moreover, 18O-
shifted of thermal water varies under seasonal change.  
-The chemical composition of the thermal water is characterized as Na-HCO3 type 
and is derived from the plagioclase (Na-feldspar) dissolution of the local batholith granite 
together with the precipitation of Ca2+ and Mg2+ in the secondary minerals or sinter minerals 
(e.g. carbonates, gypsum, or siliceous sinter). The Cl- is derived from precipitation. 
-The conservative tracer tritium indicated that the surface water samples are in 
agreement with modern precipitation in Thailand, while thermal water samples have an 
undetectable amount of tritium. This can state that the travel time of the thermal water is longer 
than 60 BP.  
-The 13C results that HCO3- in the surface water probably derived from subsurface 
flow, was associated with the carbon isotope fractionation between dissolved organic soil gas 
(CO2(g-soil)) and bicarbonate (HCO3-) during equilibrium conditions. The wide range of 13C 
ratio in the discharged thermal waters were divided into three different types of carbon sources 
by considering the 13C from surface water as an input function of the thermal water. The first 
group is characterized by an initial 13C that remains stable without external carbon 
contamination along the flow path. The radiocarbon ages in this group refer to the water 




than the initial 13C and probably mixed with local geologic gases. Therefore, these calculated 
radiocarbon ages are longer than realistic residence times. The third group is characterized by 
a depleted discharged thermal water 13C value compared to the initial 13C. This group 
probably mixed with biological carbon. The most depleted 13C ratio (from sample CM-16) 
has been interpreted as the result of methane oxidation by sulfate reduction. 
-The 14C dating provided long residence time periods. Based on the 13C results, the 
first group (without external carbon contamination) demonstrates the residence time periods 
ranging from 12,760 to 18,000 BP. Two rest groups illustrate the evidence of contaminated 
carbon from geologic gases and from methane oxidation by sulfate reduction processes, 
therefore, the residence time periods of these groups are not reliable.  
-The geothermometer application provides a different range of temperature results. 
The verification of the geothermometers application suggests that the thermal waters in Mae 
Chan geothermal area have not reached in equilibrium condition with host rock and/or mixed 
with cold water, and are reliable on the conservative K-Mg and chalcedony subsystems, which 
state equilibrium temperatures ranging from 98 to 139 °C. The estimated reservoir depth is in 
the range between 353 and 814 m (-405 and 150 m AMSL). Moreover, if thermal water sample 
has been mixed with cold water in the silica-enthalpy mixing diagram, the geothermal reservoir 
would have high temperature approximately ranging from 129 to 168 °C and most of the 
samples have stream-loss during ascending to the surface and mixed with cool water from 35 
to 81% by volume 
-The water-rock interaction in the Mae Chan geothermal area is evaluated by applying 
the REE and strontium isotopic compositions in minerals of surface rock and thermal water.  
-The petrology results indicate the mineral alteration, e.g., chloritization and the 
sericitization in the granitic rocks in Mae Chan. 
-The REE concentration pattern results are generally accepted that REE in surface 
waters would be leached from the host rock. After the water passes the local permeable rock 
to the thermal system, total REE concentrations are chemically reduced by increasing 
temperature and pressure. The results illustrate markedly depleted LREE patterns (especially 
in Pr, Nd, and Sm elements) relative to HREE in high-thermal water samples (>70 oC), e.g., 
CM-03, and CR-03. Moreover, the results suggest that the fluoride concentration from the 




LREE-fluoride complex during flow path in this system. This contributes to the LREE 
depletion in thermal water.  
-The mixing model regarding of Sr and 87Sr/86Sr ratio indicated that the Sr concentrations 
in thermal waters are mostly derived from rock ranging from 73.11 to 86.31%. The hot springs 
are located close to the fault (CM-03, CM-16, and CR-04) have 73.11 to 75.10% Sr with rock 
origin while the hot springs are located far from the fault core (CR-02, CR-03, and CR-08) 
have 82.50 to 86.31% Sr with rock origin. These suggest that the porosity and permeability of 
the crystalline basement rock, which vary with the distance of the fault core from the hot 
springs, significantly control the amount of Sr in thermal water. 
-Theses environment chemical and isotopic results in Mae Chan geothermal hot 
springs can establish five conceptual models by considering the surface flow direction from 
the topographic map, the previous geophysical investigation, and our results, for instance: 1) 












5 Characterization and evaluation of hydrochemistry, sources, and water-rock 
interaction in Ranong area. 
5.1 Analytical result of rock and water. 
5.1.1  Petrology 
The three granitic samples are prepared thin sections for polarization and transmitted 
microscopic analysis. The proportion of major minerals in each granite samples are estimated 
by evaluating the areas of visible major minerals in each thin section, shown in Appendix 2 
and described as follows.  
The first granite sample from Ban Hat Yay hot spring (RN-6) is a very coarse-grained granite, 
composed dominantly of quartz (approximately 25-30%), alkali feldspar (approximately 40%), 
and plagioclase (approximately 15%), together with subordinate biotite (5%) (Figure 9.2-5 in 
Appendix 2). It compositionally resembles the porphyritic biotite granite of Khlong Ngao 
granite (Kgr-ng) (Kusuwan and Nakapadungrat, 1992). However, the alteration minerals are 
displayed as completely chloritized of biotite and minor sericitized of plagioclase. 
The second granite sample from Raksawarin hot springs (RN-1) is a fine-grained granite, 
composed dominantly of deformed quartz (approximately 40%), alkali feldspar (approximately 
35%), and plagioclase (approximately 15%) with subordinate muscovite (approximately 5%) 
(Figure 9.2-6 in Appendix 2). Accessory phases include altered amphibole and small zircon 
grains. The feldspar shows the signs of alteration that is often incipient but, sometimes 
progressed. The muscovite sometime formed veins (fine-grained sericite) or euhedral grains. 
It compositionally resembles Khlong Ban Rin granite (Kgr-br).  
The third granite sample exposed near the Ratchagrude hot spring (RN-5) at the Heo lom 
waterfall, is relatively coarse-grained granite or granitic gneiss dominantly composed of quartz, 
alkali feldspar, and plagioclase with subordinate biotite (Figure 9.2-7 in Appendix 2). Large 
feldspar (plagioclase and some alkali feldspars) and quartz crystals are embedded in an oriented 
matrix of fine-grained polycrystalline quartz. Biotite crystals are elongated and oriented as well. 
Deformation and incipient chloritization are omnipresent. Some muscovite veinlets are present. 




5.1.2  Rare earth elements in minerals. 
REE compositional of the separated minerals in all three Ranong granite samples are given in 
Table 5-1. The REE contents of feldspar mineral in the Ranong granite range between 46.04 
and 212.97 mg/kg. The lowest REE content of feldspar is found in the RN5 samples (46.04 
mg/kg). The biotite minerals indicate the highest REE content of 3,355.2 mg/kg. All samples 
are relatively enriched in LREE, resulting in a LREE/HREE ratio of more than 10. The highest 
LREE/HREE ratio presents in RN5 (21.8).  
The REE contents in these minerals are normalized to the composition of chondrite 
(McDonough and Sun, 1995) and are plotted compared to the REE of the whole fresh granite 
from Haad Som Paenn, Ranong tin field (Imai et al., 2013) in Figure 5.1-1. Most of the 
separated mineral samples are enriched in LREE relative to the HREE with negative Eu 
anomalies. In contrast, the RN5 sample shows the higher slope pattern with a positive 
Europium (Eu) anomaly. 
Most of the separated mineral samples shown similar negative Eu and Ce anomalies with 
Ce/Ce* values ranging from 1.3 to 1.4 and Eu/Eu* values ranging from 0.03 to 0.44. In 
contrast, RN5 had a positive Eu anomaly (6.07) and slightly a negative Ce anomaly (2.0). 
 
5.1.3  Rb-Sr concentration of the minerals. 
The Rb concentrations, Sr concentrations, Rb/Sr ratios and 87Sr/86Sr ratios in each separated 
mineral of three bedrocks were analyzed (Table 5-2). The Sr isotopic ratios range between 
0.7601 and 0.8737 for feldspar and 0.7782 for biotite. The Rb concentrations range between 
355 and 1,334 mg/kg for feldspar and 39 mg/kg for biotite. The Sr concentrations range 
between 5 and 78 mg/kg for feldspar and 532 mg/kg for biotite. The Rb/Sr ratios range between 
14.58 and 74.90 mg/kg for feldspar and 0.07 mg/kg for biotite. The 87Sr/86Sr ratio of the biotite 
in the Ban Hat Yay hot spring sample is similar to the feldspar within the same sample, 










Table 5-1: Rare earth element in the rock samples in Ranong geothermal area. 
Sample RN5 RN6 RN1 
Rock Sample Heo Lom waterfall Ban Hat Yay hot spring 
Raksawarin 
River 






11.8 682.4 25.2 42.5 
Ce 19.0 1481.0 51.1 93.8 
Pr 1.9 163.7 5.2 10.8 
Nd 6.4 547.8 16.8 36.3 
Sm 1.2 107.5 4.0 9.1 
Eu 2.5 1.1 0.5 0.1 
Gd 1.3 112.9 3.1 6.4 
Tb 0.2 18.3 0.7 1.1 
Dy 1.0 104.6 4.0 6.0 
Ho 0.2 17.8 0.7 0.9 
Er 0.4 48.8 1.9 2.3 
Tm 0.0 7.5 0.3 0.4 
Yb 0.2 54.5 2.0 2.9 
Lu 0.0 7.3 0.3 0.4 
REE  46.04 3,355.2 115.8 212.97 
LREE  44.0 3,096.4 106.0 199.0 
HREE  2.0 258.7 9.8 14.0 
LREE/HREE  21.8 12.0 10.8 14.2 
(Eu/Eu*)cn  6.07 0.03 0.44 0.04 
(Ce/Ce*)cn  0.88 1.04 1.03 1.04 
 *FS = Feldspar minerals that contains plagioclase and K-feldspar, Bi = Biotite. 
 
Figure 5.1-1: Chondrite-normalized REE pattern (McDonough and Sun, 1995) in the mineral 
samples in Ranong geothermal area compared with the whole fresh granite from Haad Som 
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Table 5-2: Analytical results of Rb, Sr, and 87Sr/86Sr ratio in the rock samples in Ranong 
geothermal area. 





87Sr/86Sr SD Rb Sr Rb/Sr 
RN6 Ban Hat Yay  Granite 
Bi 0.7782 0.00003 39 532 0.07 
FS 0.7892 0.00003 1134 78 14.58 
RN1 Raksawarin river Granite 
Bi - - - - - 
FS 0.8737 0.00003 1334 32 41.54 
RN5 Heo Lom Waterfall 
Foliate 
granite 
Bi - - - - - 
FS 0.7601 0.00002 355 5 74.90 
*FS = Feldspar minerals that contains plagioclase and K-feldspar, Bi = Biotite. 
Note that, the results from biotite mineral are illustrated only in Ban Hat Yay hot spring. Due 
to the petrology investigation, the igneous biotite was often replaced by chlorite. These 
minerals often associated with one another. The biotite sample was insufficient, making it 
impossible to purify for Sr isotope analysis. Therefore, Rb-Sr content and 87Sr/86Sr ratio for 
biotite are shown only in Ban Hat Yay hot spring. 
5.2 Analytical results of water 
Field parameters and chemical compositions of the major ions in the thermal and surface water 
samples were recorded (Table 5-3). According to the quality-assurance check of the chemical 
analyze, the ionic balance error in most case was found within 5% limit. The major ions in 
seven meteoric water samples from Ranong monitoring station represent the chemical 
atmospheric input of the subsurface system (Table 5-4). The stable isotopes in thermal and 
surface water samples represent a summary of the isotopic data for both the pre-monsoon and 
post-monsoon seasons (Table 5-5). It should be noted that the isotopes of 13C, 14C, and 3H in 
thermal water were determined only for the post-monsoon season samples (Table 5-6). 
5.2.1  Water field sampling  
The field parameters and chemicals in the thermal waters are higher variables relative to the 
surface water. Variation of pH, Cl-, and Mg+ from thermal waters are slightly higher than those 
from surface water. Moreover, all of the water results are generally characterized by a neutral 
pH. Notably, RN6-SW1 is an extreme case which contains the highest value of field parameters 




and chemical concentration: > 10 mg/l). This anomaly will be explained in the discussion 
section. 
The surface water samples show seasonal variations of the field parameters (Table 5-3). The 
pH values in the surface water are in the range of neutral values between 6.72 and 7.62. EC 
values range from 14.2 to 35.4 µS/cm in the post-monsoon season and range from 18.4 to 213 
µS/cm in the pre-monsoon season. Temperatures range from 25.9 to 35.5 °C in the post-
monsoon season and range from 26 to 34.6 °C in the pre-monsoon season. The alkalinity 
analysis by using a HACH Digital titrator indicates that the DIC in all of water samples are in 
the bicarbonate ion form (HCO3-), ranging between 98.4 and 167.5 mg/l. The field parameters 
in the thermal water samples displayed similar values during both seasons (Table 5-3). These 
samples are characterized by medium temperatures in the range of 36 to 66.8 °C (the highest 
temperature is RN1-1), EC in the range of 256 to 339 µS/cm, and pH values in the range of 
6.97 to 7.84.  
5.2.2  Hydro-chemical analysis 
During both seasons, each major ion concentration from the surface water samples is less than 
10 mg/l (Table 5-3). Most of the cations are at concentrations lower than 1 mg/l, such as, Ca2+ 
(0.17 to 17.47 mg/l), K+ (0.75 to 3.50 mg/l), and Mg2+ (0.12 to 1.10 mg/l). The sodium ions 
(Na+) concentrations are predominantly higher than the other cations, ranging between 1.67 
and 3.17 mg/l in the post-monsoon season and between 3.16 and 45.65 mg/l during the pre-
monsoon season. Surface water samples usually had low concentrations of anions as well (but 
more than 1 mg/l), like SO42- (1.28 to 7.15 mg/l), HCO3- (6.00 to 91.2 mg/l), and Cl- (2.84 to 
3.17 mg/l).  
The major ion concentrations from seven meteoric water samples are less than 5 mg/l in each 
parameter. The chloride ions (Cl-) ranges between 0.34 and 3.48 mg/l. For investigating the 
geochemical processes, multiply the maximum major-ion concentration in these meteoric 
water samples by ETF to calculate the major-ion compositions in Post-ET, which is explained 
in the chapter 3. The analytical and calculated results shown in Table 5-4. 
The SiO2 concentrations in the thermal water were analyzed during both seasons (Table 5-8.), 
ranging from the lowest value of 73.06 mg/l to the highest value of 103.77 mg/l, with an 
average of 87.80 mg/l. The SiO2 concentrations in the hot spring water in the post-monsoon 




In comparison, the chemical concentrations of major ions in the thermal water are not radically 
different between the pre- and post-monsoon seasons, however, the chemical concentrations 
from the pre-monsoon season are slightly higher (Table 5-3). Individual cation concentrations 
in the thermal water are mostly more than 2 mg/l, such as, Ca2+ (9.20 to 22.60 mg/l), Na+ (29.29 
to 81.00 mg/l), K+ (2.09 to 5.66 mg/l), yet the Mg2+ concentrations range from 0.05 to 0.15 
mg/l. Similarly, individual anions concentrations in thermal water are mostly more than 2 mg/l, 
like of; SO42- (4.24 to 46.35 mg/l), HCO3- (98.4 to 167.5 mg/l), and Cl- (2.74 to 4.90 mg/l).  
To better understand the water classification in the geothermal area, these major ion results 
were interpreted graphically by plotting the chemical data in the triangular diagrams modified 
from Giggenbach, (1988) (Figure 5.2-1 and 5.2-2.) 
The triangular diagrams illustrate both the thermal and surface waters contain Na+ and K+ as 
the dominant cations (Figure 5.2-1 (b) and 5.2-2 (b)), and HCO3- as the dominant anion (Figure 
5.2-1 (a) and 5.2-2 (a)). Although the cations in water clearly display the Na+K type in the 
triangular diagram graph, Na+ has greater relative abundance than K+, since the Na/K ratio 
varies from 12.17 to 20.80 in thermal water and from 1.83 to 13.05 in the surface water. 





Table 5-3: Field parameter, major ion composition, and ionic balance in water samples in Ranong geothermal area 
 Field parameters Cations Anions   
Location 
Altitude Temp. pH EC Ca2+ Na+ K+ Mg2+ HCO3- Cl- SO42- IB 
(m) (oC)   (µS/cm) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (%)  
  2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 2014 2016 
RN1-1 37.7 66.7 66.8 7.02 7.3 322 337 19.62 18.04 81.00 53.96 4.54 2.87 0.13 0.07 167.5 159.6 4.17 2.83 26.64 21.50 -4.63 -4.68 
RN1-2 38.57 61.7 61.3 7.1 7.31 325 339 19.64 18.35 63.37 55.87 3.59 2.95 0.09 0.05 167.5 168 3.33 2.77 21.51 21.72 -4.86 -3.35 
RN1-3 40.24 64 63.6 7.2 7.67 325 337 20.01 18.38 73.18 54.19 4.27 2.87 0.08 0.06 167.5 132 3.85 2.74 23.79 21.57 -4.49 -4.65 
RN2 15.61 41.4 40.9 7.29 7.48 324 337 22.06 17.42 62.23 47.73 3.88 2.92 0.10 0.06 145.2 148.8 3.59 2.98 46.35 44.88 -2.04 2.45 
RN3 72.54 45.7 47.3 6.97 7.35 295 332 18.30 18.02 50.58 47.29 3.42 2.99 0.08 0.05 117.6 106.8 3.30 2.93 39.14 45.25 -3.82 -3.75 
RN3-1 66.5 - 51.9 - 7.2 - 325 - 17.24 - 48.01 - 3.09 - 0.08 - 98.4 - 3.00 - 43.71 - -4.65 
RN3-2 67.82 - 60.8 - 7.19 - 299 - 18.34 - 48.31 - 3.14 - 0.06 - 99.6 - 2.95 - 45.42 - -3.75 
RN5 37.48 46 43.5 7.73 7.62 266 277 21.05 16.58 57.05 43.51 3.47 2.09 0.10 0.09 142.8 120 4.90 2.86 15.54 12.52 -4.38 -4.99 
RN6-1 66.88 45.9 41.9 7.32 7.71 256 284 17.27 14.99 68.96 43.55 5.66 3.31 0.14 0.10 140.4 138 4.82 2.89 11.37 7.03 -2.78 -4.57 
RN6-2 67.5 37.8 36 7.83 8.1 285 302 19.80 9.20 47.09 29.29 3.52 2.34 0.11 0.15 - 150 3.21 2.88 5.32 4.24 - -3.51 
RN6-3 69 40 43.8 7.91 7.84 290 303 - 16.81 - 43.37 - 3.43 - 0.11 - 151.2 - 3.02 - 6.94 - -4.71 
RN6-4 67.7 - 48.5 - 7.34 - 326 - 17.60 - 45.15 - 3.37 - 0.08 - 147.6 - 2.86 - 6.98 - -4.17 
RN1-RV1 - 34.6 - 7.03 - - - 1.89 - 1.67 - 0.91 - 1.04 - 6 - 3.04 - 1.32 - -1.68 - 
RN1-SW1 39.36 26.6 27.3 7.1 7.12 35.4 54.6 2.50 2.81 3.17 5.09 1.47 0.96 0.88 1.10 13.2 36 3.80 2.70 1.57 1.91 3.67 4.57 
RN6-SW1 64 26.4 35.5 7.2 7.62 27 213 0.63 17.47 3.92 45.65 1.33 3.50 0.16 0.08 9 91.2 2.98 3.17 1.46 7.15 1.56 -6.27 
RN3-SW1 - 26.1 28.9 7.67 7.31 15.2 27.1 0.25 0.23 2.46 4.85 0.75 0.76 0.12 0.07 7.32 10.8 2.84 2.23 1.28 1.86 1.42 1.75 
RN3-SW2 - 26 25.9 7.35 6.72 14.2 18.4 0.17 0.18 1.95 3.16 0.89 0.73 0.13 0.08 8.52 2.4 2.92 2.25 1.85 0.78 1.82 -23.3 
RNSW 28.57 - - - 7.13 - - - 0.26 - 3.64 - 1.07 - 0.23 - 2.4 - 2.95 - 0.65 - -17.9 




Table 5-4: Major ion concentration in Ranong meteoric water. 
  Ca2+ Na+ K+ Mg2+ Cl- SO42- 
  mg/l mg/l mg/l mg/l mg/l mg/l 
RW_RN01 0.616 0.431 0.215 0.08 0.362 2.1 
RW_RN02 0.92 1.41 0.139 0.213 3.48 1.6 
RW_RN03 2.69 0.663 0.12 0.091 1.64 0.598 
RW_RN04 <0.05 <0.05 0.048 <0.05 0.341 0.067 
RW_RN05 0.368 0.124 0.173 <0.05 0.62 0.635 
RW_RN06 2.44 0.56 0.106 0.09 1.59 0.584 
RW_RN07 2.3 1.91 0.435 0.153 1.21 1.47 
average 1.56 0.85 0.18 0.13 1.32 1.01 
Minimum <0.05 <0.05 0.05 <0.05 0.34 0.07 
Maximum 2.69 1.91 0.44 0.21 3.48 2.10 
Post-ET in Mae Chan 10.81 7.68 1.77 0.84 13.99 8.44 
Post-ET in Ranong 4.04 2.87 0.66 0.32 5.22 3.15 
 
5.2.3  Radioactive and stable isotope analysis 
5.2.3.1 Water isotopic characterization 
Stable isotopic ratios (deuterium: 2H and oxygen 18: 18O) for the thermal and surface water 
samples were analyzed during both seasons (Table 5-5). The 2H isotopic compositions of the 
surface waters in the post-monsoon season range from -31.05 to -28.37 ‰, and 18O range 
from -5.48 to -5.22 ‰. During the pre-monsoon season, 2H range from -29.49 to -23.88 ‰ 
and 18O range from -5.31 to -4.40 ‰. The post-monsoon seasons are depleted in heavy isotope 
compared to pre-monsoon seasons. Nevertheless, the isotopic values of the thermal water 
measured in each sample during both seasons remained relatively constant, ( 2H range between 
-32.86 and -31.60 ‰ and 18O range between -5.88 and -5.55 ‰), with a 2H isotopic variation 




    
 
Figure 5.2-1: Triangular diagram of (a) major anions (modified from Giggenbach, 1988) and 
(b) major cations in water samples in post-monsoon season (2014) in Ranong geothermal area. 
 
Figure 5.2-2: Triangular diagram of (a) major anions (modified from Giggenbach, 1988) and 








Table 5-5: Stable isotope results in thermal water and surface water samples in Ranong 





 pre-monsoon seasons  
(March 2016) 
 
2H 18O Dexcess 
18O-
shift 
2H 18O Dexcess 
18O-
shift 
RN1-1 -32.19 -5.61 12.67 0.13 -31.63 -5.55 12.79 0.12 
RN1-2 - - - - -32.05 -5.61 12.86 0.11 
RN1-3 - - - - -31.90 -5.61 13.00 0.09 
RN2 -32.53 -5.79 13.77 -0.01 -32.49 -5.77 13.64 0.01 
RN3 -32.86 -5.79 13.49 0.03 -32.48 -5.79 13.82 -0.01 
RN3-1 - - - - -31.71 -5.69 13.84 -0.01 
RN3-2 - - - - -32.08 -5.71 13.57 0.02 
RN5 -32.62 -5.84 14.06 -0.05 -32.45 -5.75 13.58 0.02 
RN6-1 -31.90 -5.73 13.94 -0.03 -32.14 -5.68 13.29 0.05 
RN6-2 -32.84 -5.78 13.41 0.04 -31.60 -5.55 12.76 0.12 
RN6-3 -31.88 -5.63 13.13 0.07 -32.65 -5.88 14.39 -0.08 
RN6-4 - - - - -32.59 -5.81 13.91 -0.02 
RN1-SW1 -31.05 -5.48 12.76 - -25.47 -4.93 13.98 - 
RN3-SW1 -29.24 -5.31 13.23 - -23.98 -4.52 12.17 - 
RN3-SW2 -28.59 -5.34 14.12 - -23.88 -4.40 11.29 - 
RN6-SW1 -28.37 -5.27 13.79 - -29.49 -5.31 12.99 - 
RNSW - - - - -26.83 -5.00 13.19 - 
RN1-RV1 -29.73 -5.22 12.00 - - - - - 
 
To determine the water sources and to understand the hydrologic cycle within the area, these 
stable isotopic ratios are plotted against the global meteoric water line (GMWL) and local 
meteoric water line (LMWL) (Figure5.2-3(a)). The LMWL was obtained from the stable 
isotopic data in daily precipitation samples (n=338) from 2013 to 2015 at the Ranong 
monitoring station (Hydro and Agro Informatics Institute (HAII), 2016). This station, located 
in Tambon Bang Yai, Amphoe Kra Buri, Chang Wat Ranong, is the closest station to the 
Raksawarin hot spring about 40 km northeast, at 21 m AMSL). Moreover, these isotopic ratios 





According to the 18O and 2H diagrams during both seasons in Figure 5.2-3(a), the isotopic 
distribution in most thermal and surface water samples are located in the range of the isotopic 
data for daily precipitation, they plot closely above the LMWL. Most isotopic ratios of surface 
water samples in pre-monsoon season are more enriched than that in the post-monsoon season. 
Moreover, the cluster of thermal waters plot more negatively than the surface waters, and the 
cluster distribution in the pre-monsoon season is wider than that from the post-monsoon season. 
This isotopic variation of thermal water by season is lower than the uncertainty of the 
measurement ( 18O <0.2 ‰  and 2H <2  ‰) (Table 5-5), potentially indicating that that the 
thermal water, which derived from meteoric water, has no seasonal variation. For more detail, 
the model LMWL is created by following equation 2H = 7.97 18O + 13.4 ‰ (Figure 5.2-3), 
and further discussion in Chapter 5.3.1.1. 
Deuterium excesses (DExcess) is a useful indicator for tracing the vapor sources that have been 
related to the meteorological condition in that area (Saravana Kumar et al., 2010). Hence, the 
DExcess values in thermal water and surface water should reflect the DExcess of the meteoric water, 
calculated for each sampling site (Dexcess = 2H – 8 18O) (Saravana Kumar et al., 2010). The 
DExcess values of thermal waters samples in the post-monsoon season are in the same range as 
in pre-monsoon season, all of which are between 12.69 and 14.39 (Table 5-5). Conversely, the 
DExcess values of the surface water samples in the post-monsoon season (11.32 to 13.97‰) are 
slightly lower than those in the pre-monsoon season (12.03 to 14.13‰). 
18O-shifted is an indicator for investigating water-rock interaction, calculated for each thermal 
water sample ( 18O-shifted = 18Othermal - 18O Model-LMWL). All of the 18O-shifted results are 
lower than the analytical precision for 18O (0.2 ‰). The ranges of the 18O-shifted results for 
the post-monsoon season (-0.05 to 0.07 ‰) are narrower than that for the pre-monsoon season 
(-0.08 to 0.12 ‰) (Table 5-5) as well indicating that a small seasonal effect on the interaction 







Figure 5.2-3: (a) Stable isotope results in thermal water and surface water samples from post-
monsoon (December 2014) and pre-monsoon seasons (March 2016), compared with LMWLs 
from Ranong station. The navy blue-square symbol (AVG LMWL) represents the average 
rainfall from three-years of weighted mean data. The blue symbols represent the samples, 
collected in December 2014, while red symbols represent the samples, collected in March 2016. 
The gray line represents the linear model LMWL equation is the slope from the average LMWL 
(7.97) and the average DExcess from thermal water (13.47‰). Two dot gray lines represent the 
linear from LMWL and GMWL equation. The blue line represents the evaporation line. (b) 


































































































d2H = 7.97d18O + 11.35 ‰ 
R² = 0.9852
d2H = 7.97d18O + 13.47 ‰
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R² = 0.9852
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5.2.3.2 Carbon stable isotope ( 13C), Radiocarbon (14C) and Tritium (3H) 
The analytical results for 13C, 14C, and 3H in the thermal waters are shown in Table 5-6 . The 
thermal water 3H concentrations are below the detection limit (<0.3 TU), while the surface 
water 3H concentrations range from 1.5 to 2.2 TU. The results for 13C range between -25.59 
and -23.55 ‰ PBD, and the 14C concentrations vary between 54.70 and 61.94 pMC. The 
calculated fluid residence time from 14C by Eq. (3.5), ranges from 3,850 to 4,850 BP. 
As the 13C and dissolved inorganic carbon (DIC) can identify the complex geochemical 
processes which disturbing the 14C. The alkalinity analysis (in chapter 5.2.1) indicates that the 
DIC in all of water are in the bicarbonate ion form (HCO3-), shown in Table 5-3. Therefore, 
these parameters are integrated with the 14C to understand the geochemical processes of carbon 
and to improve the fluid residence time estimation in the Mae Chan thermal springs. The details 
are described in the further chapter (Chapter 5.3). 
5.2.4 Geothermometer estimation 
5.2.4.1 Cation geothermometer 
The estimated reservoir temperatures from cation geothermometers range from 80 to 278 °C, 
are shown in Table 5-7. Temperatures from Na-K-Ca geothermometer (275-278 °C) are higher 
than from Na-K and K-Mg geothermometers. Moreover, these temperature results from K-Mg 
adiabatic cooling and K-Mg conductive cooling geothermometers mostly have similar values, 
implying that the conductive cooling may not be occurring. 
5.2.4.2 Silica geothermometers 
The temperature results from the silica geothermometers in Ranong hot springs range from 
100 °C to 135 °C (Table 5-8) and, consistent with previous results from Chaturongkawanich 
and Leevongchareon, (2000). Temperature results from the quartz geothermometer (99-
139.4 °C) are higher than those from chalcedony geothermometers (83-112.4 °C), while the 






Table 5-6: Tritium, stable isotope of carbon, and radiocarbon results in hot springs in Ranong area. 
Location Name 
Tritium DIC * 13C Measured 14C Estimated resident times 
TU error mg/l Permil (‰) error pMC error BP error 
RN1 Raksawarin hot spring 0 0.2 167.5 -25.59 0.24 56.85 1.36 4,540 200 
RN2 Phu Lum Phi hot spring 0.1 0.1 145.2 -24.12 0.30 n.d. n.d. n.d. n.d. 
RN3 Phorn Rung hot spring 0.1 0.2 117.6 -23.79 0.25 61.94 1.47 3,850 190 
RN5 Rattana Rangsan Hot spring 0.1 0.1 142.8 -23.55 0.30 54.70 1.31 4,850 200 
RN6 Hatyay Hot spring 0.1 0.2 140.4 -23.81 0.27 59.04 2.43 4,230 200 
 n.d.; not detect from the laboratory. 





5.2.5  Rare earth elements within the water. 
The REE compositions in the water samples are given in Table 5-9. The REE contents in the 
surface water samples and the thermal water samples range from 0.43 to 4.54 g/l, and from 
0.024 to 0.372 g/l, respectively. All of the water samples indicate the negative Eu anomalies 
with Eu/Eu* ranging from 0.02 to 0.49, as well as positive Ce anomalies with Ce/Ce* ranging 
from 2.50 to 12.67. In contrast, RN1-RV1 indicates a positive Eu anomaly (Eu/Eu* = 0.49) 
and positive Ce anomaly (Ce/Ce* = 4.57).  
The REE concentrations in water samples are normalized to the composition of chondrite 
(McDonough and Sun, 1995) and plotted for each location in Figure 5.2-4. There is 
considerably higher REE concentration pattern in the surface water than the thermal water. 
Most of the surface water samples are slightly enriched in LREE relative to HREE with 
negative Eu anomalies. In contrast, the RN3-SW1 sample depleted concentration pattern in 
LREE relative to the HREE with the most negative Eu anomaly measured. The REE 
concentration patterns from thermal water samples are relatively flat to slightly deplete in 
LREE. However, the patterns from the high-temperature thermal waters are depleted in LREE, 
indicated notably by the elements Pr, Nd, and Sm. The Eu anomalies are negative, less than the 
detection limit. 
5.2.6  Rb-Sr composition of the water 
The Rb contents, Sr contents and Sr isotopic ratios of the surface water and thermal water are 
shown in Table 5-10. The surface water has lower concentrations of both Rb and Sr than the 
thermal water. The surface water results range from 2.09 to 14.26 µgL-1 for Rb and from 1.26 
to 9.64 µgL-1 for Sr. In thermal waters, Rb contents range between 23.86 and 35.95 µgL-1 and 
Sr contents range between 47.66 and 99.22 µgL-1. The measured 87Sr/86Sr ratios range between 
0.73442 and 0.74494 in surface waters and between 0.73861 and 0.74909 in thermal waters. 
RN3-SW1 sample has the lowest 87Sr/86Sr ratio, while the highest 87Sr/86Sr ratio is in RN6-1.  
The 87Sr/86Sr ratio of feldspar minerals, surface water, and the thermal water from the Ranong 
geothermal area are plotted by local against geological map (Figure 5.2-5). In general, the 
87Sr/86Sr ratio in the geothermal and surface water are significantly lower than the 87Sr/86Sr 
ratios from the granitic host rock samples. Moreover, the Sr concentrations of the surface water 




Table 5-7: Temperature results of Cation geothermal estimations. 
 Na-K K-Mg Na-K-Ca 



























 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
RN1-1 179 175 143 138 174 170 160 156 190 186 197 193 164 161 180 170 101 97 100 97 275 250 
RN1-2 180 175 143 138 175 170 160 156 191 186 198 192 164 160 177 180 100 101 99 100 258 250 
RN1-3 182 175 146 138 176 170 162 156 193 186 201 192 166 160 193 177 105 100 105 99 277 250 
RN2 187 186 151 150 181 180 167 166 197 196 207 205 170 169 176 175 99 99 99 99 263 258 
RN3 194 188 158 153 187 182 173 168 203 198 214 208 176 171 175 181 99 101 99 101 267 260 
RN3-1 - 190 - 154 - 183 - 169 - 199 - 210 - 172 - 170 - 97 - 97 - 262 
RN3-2 - 190 - 155 - 184 - 170 - 200 - 211 - 173 - 181 - 101 - 101 - 262 
RN5 186 168 149 131 179 164 166 149 196 180 205 185 169 155 170 138 97 85 97 85 260 239 
RN6-1 209 203 176 168 201 195 188 182 217 211 234 226 190 184 193 166 105 96 105 95 291 274 
RN6-2 201 207 167 173 194 199 180 186 210 215 224 231 183 187 167 129 96 81 96 82 271 274 
RN6-3 - 206 - 172 - 198 - 185 - 214 - 230 - 187 - 164 - 95 - 95 - 276 



















(1988) Verma (2000) 






loss at 100 
°C) 
Quartz Quartza Chalcedony Quartz Quartza Quartz 
1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
RN1-1 67 67 99 85 110 101 137 128 132 125 137 128 134 126 109 100 125 116 122 114 134 125 
RN1-2 62 61 96 84 108 100 135 128 131 125 135 128 132 126 107 100 123 115 120 114 133 125 
RN1-3 64 64 104 87 113 102 139 129 135 126 139 129 136 127 111 101 127 117 124 115 137 126 
RN2 41 41 90 87 104 102 132 130 128 126 132 130 129 127 103 101 119 117 117 115 129 127 
RN3 46 47 85 81 100 98 128 126 125 123 128 126 126 124 100 97 116 113 114 112 125 122 
RN3-1 - 52 - 85 - 101 - 128 - 125 - 129 - 126 - 100 - 116 - 114 - 125 
RN3-2 - 61 - 86 - 102 - 129 - 126 - 129 - 127 - 101 - 117 - 115 - 126 
RN5 46 44 81 73 98 92 126 120 123 119 126 121 124 119 98 92 113 107 112 107 123 116 
RN6-1 46 42 88 91 103 105 130 132 127 128 131 132 128 129 102 104 118 119 116 117 127 129 
RN6-2 38 67 95 99 108 83 135 112 131 112 135 113 132 112 106 84 122 99 120 99 132 108 
RN6-3 - 62 - 100 - 111 - 137 - 133 - 138 - 134 - 109 - 125 - 122 - 135 




Table 5-9: Rare earth element in the water samples in Ranong area. 
  Surface water samples Thermal water samples 
  RN1-RV1 RN1-SW1 RN6-SW1 RN3-SW1 RN3-SW2 RN1-1 RN1-2 RN2 RN3 RN5 RN6-1 RN6-2 
































0.0899 0.5729 1.1794 0.0753 0.3844 0.0087 0.1422 0.0256 0.0226 0.0175 0.0071 0.0164 
Ce 0.1979 1.1187 2.1009 0.1057 1.4670 0.0149 0.1539 0.0710 0.0454 0.0424 0.0090 0.0424 
Pr 0.0209 0.1714 0.1445 0.0239 0.1163 0.0004 0.0063 0.0056 0.0006 0.0031 0.0003 0.0021 
Nd 0.0783 0.7032 0.5414 0.1051 0.4491 0.0010 0.0246 0.0216 0.0048 0.0147 0.0008 0.0037 
Sm 0.0111 0.2182 0.1254 0.0519 0.1583 n.d. 0.0025 0.0055 0.0013 0.0068 n.d. 0.0035 
Eu 0.0060 0.0177 0.0046 0.0009 0.0041 0.0002 0.0011 0.0007 0.0001 0.0011 n.d. n.d. 
Gd 0.0137 0.2010 0.1311 0.0605 0.1944 0.0003 0.0090 0.0071 0.0017 0.0015 0.0017 0.0010 
Tb 0.0014 0.0416 0.0234 0.0164 0.0347 0.0008 0.0014 0.0011 0.0006 0.0016 0.0005 0.0004 
Dy 0.0039 0.2381 0.1199 0.0963 0.2162 0.0028 0.0122 0.0094 0.0038 0.0048 0.0024 0.0020 
Ho 0.0011 0.0445 0.0271 0.0157 0.0445 0.0003 0.0022 0.0023 0.0008 0.0006 0.0000 0.0003 
Er 0.0028 0.1141 0.0625 0.0449 0.1211 0.0016 0.0086 0.0027 0.0041 0.0026 0.0008 0.0009 
Tm 0.0018 0.0201 0.0094 0.0090 0.0195 0.0019 0.0024 0.0016 0.0021 0.0020 0.0013 0.0012 
Yb 0.0027 0.1330 0.0626 0.0684 0.1417 0.0014 0.0056 0.0038 0.0023 0.0021 0.0002 0.0015 
Lu 0.0007 0.0177 0.0080 0.0094 0.0183 0.0001 0.0006 0.0007 0.0002 0.0005 0.0001 0.0003 
REE  0.4321 3.6121 4.5402 0.6835 3.3696 0.0344 0.3727 0.1586 0.0902 0.1013 0.0243 0.0759 
LREE  0.4177 3.0030 4.2273 0.4233 2.7736 0.0255 0.3397 0.1371 0.0763 0.0871 0.0190 0.0693 
HREE  0.0144 0.6090 0.3129 0.2602 0.5960 0.0089 0.0331 0.0215 0.0139 0.0142 0.0053 0.0066 
LREE/HREE  29.01 4.93 13.51 1.63 4.65 2.86 10.27 6.37 5.49 6.12 3.55 10.51 
(Eu/Eu*)cn  0.49 0.08 0.04 0.02 0.02 n.d. 0.23 0.11 0.04 0.33 n.d. n.d. 
(Ce/Ce*)cn  4.57 3.57 5.09 2.50 6.94 7.94 5.15 5.92 12.67 5.76 6.37 7.18 






Figure 5.2-4: Chondrite-normalized REE patterns (McDonough and Sun, 1995) of surface and 
thermal water samples for location of RN1 (a), RN6 (b), and for RN2, RN3, and RN5 (c) 








Table 5-10: Analytical results of Rb, Sr, and 87Sr/86Sr ratio in the water samples in Ranong 
geothermal area. 




RN1-1 0.74886 0.00002 35.15 71.60 0.491 0.014 
RN1-2 - - 34.86 73.78 0.472 0.014 
RN2 0.73971 0.00002 35.95 99.22 0.362 0.010 
RN3 0.73861 0.00004 33.86 82.33 0.411 0.012 
RN5 0.74519 0.00001 23.62 53.89 0.438 0.019 
RN6-1 0.74909 0.00001 27.66 44.00 0.629 0.023 
RN6-2 0.74906 0.00006 28.84 47.66 0.605 0.021 
RN1-RV1 0.74267 0.00002 2.09 9.64 0.217 0.104 
RN1-SW1 0.74311 0.00002 7.56 7.87 0.960 0.127 
RN6-SW1 0.74494 0.00002 14.26 3.25 4.381 0.307 
RN3-SW1 0.73442 0.00002 12.14 1.26 9.652 0.795 






Figure 5.2-5: Spatial distribution of 87Sr/86Sr ratio in the feldspar mineral (yellow background), 
the surface water (blue background), and the thermal water samples (white background), are 





5.3.1  Hydro-geochemistry and origin of water 
5.3.1.1 The origin of the thermal water  
In hydrological cycles, meteoric water is the primary source of geothermal water. The isotopic 
compositions of hydrogen and oxygen in thermal water reflect a combination of isotopic effects 
that occur in locally infiltrated meteoric water, for instance: temperature effects, altitude 
effects, continental effects, amount effects, and source effects (Dansgaard, 1964; Rozanski et 
al., 1993). 
2H and 18O results of Ranong thermal water and surface water samples, which plot close to 
and above the LMWL in the stable isotope relationship diagram (Figure5.2-3(a)), and has not 
correlation with the magmatic water area from Giggenbach, (1992) (Figure5.2-3(b)). 
Therefore, these can indicate that the main source of thermal and surface water is not conducted 
with the magmatic water, however, the location of thermal water in the graph does not support 
general isotopic theories. In fact, thermal water derived from rainwater transports and 
accumulates into the geothermal reservoirs before coming back to the land surface. Therefore, 
most thermal water retains the isotopic ratio of long-term precipitation and would therefore 
plot at or below the LMWL. This abnormal plotting location of thermal water (Figure 5.2-3(a)) 
may originate from three-year rainfall event in Ranong station. 
According to HAII, (2016), the results of the average monthly precipitation amounts and 18O 
at Ranong station between 2013 and 2015 are plotted as annual rainfall distributions by month 
(Figure 5.3-1). The overlap of peaks in the precipitation amount and 18O in these graphs occur 
in July and September. These are in line with the rainfall event in this region from the Thailand 
Meteorological Department (TMD, 2012), the detailed of which are explained in Chapter 2. 
The amount-weighted monthly isotopic (𝛿18O) values and monthly mean precipitation amount 
in 2014 have large variabilities relative to other year. Moreover, DExcess of average LMWL in 
2014 indicate lower value (7.67 ‰) relative to the DExcess values from thermal waters (which 
range from 12.69 to 14.39‰) and from surface waters (which range from 11.32 to 14.13‰), 
suggesting that the precipitation event in 2014 provided a different isotopic composition of 






Figure 5.3-1: Seasonal variation of amount-weighted monthly isotopic (𝛿18O) values and 
monthly mean precipitation amount in the Ranong station in each year from 2013 to 2015. 
(modified after HAII, (2016)). 
As proposed by previous studies (Kurita et al., 2009; Rozanski et al., 1993; Wei et al., 2018), 
the isotopic composition of precipitation in tropical regions is dominated by regional processes 
and varies through large-scale convection, moisture source, and the movement of the ITCZ. 
The results from back-trajectory simulations suggest that Indian Ocean moisture is the primary 
moisture source in this region (Wei et al., 2018). However, the percent contribution of Indian 
Ocean moisture in one-year mean in September 2005 (87%) is significantly different than the 
multi-year mean from September 2003-2013 (75%). This evidence points out that this region 
has a large yearly-variable in moisture contribution from the Indian Ocean (especially in 2005). 
In the same way, the sizeable variation of the isotopic composition and precipitation amount 
during 2014 may be associated with the Indian Ocean moisture contribution and possibly 
lowers the three-year LMWL to below the isotopic value of thermal water. 
To investigate this phenomenon, the isotopic composition from the water samples were re-
interpreted by drawing a modeled LMWL, using the slope from the average LMWL (7.97) and 
the y-intercept of the average DExcess from thermal water (13.47 ‰). This model LMWL is 
given by the following equation 2H = 7.97 18O + 13.4 ‰, (Figure 5.2-3). It passes through 
most of the isotopic ratio from thermal water (e.g., RN2, RN3, RN5, and RN6-1) and surface 
water samples (e.g., RN-SW1, RN3-SW1, RN3-SW2, and RN6-SW1). 
Changing in the isotopic ratio of surface water samples typically indicate seasonal variation, 




monsoon season (Figure 5.2-3). It should be noted that this isotopic ratio has the same trend as 
the monthly local meteoric data, which is also isotopically depleted in post-monsoon seasons 
and becomes remarkably enriched in pre-monsoon seasons (HAII, 2016). The seasonal 
variation is clearly demonstrated in the two samples from Ngaw waterfall (RN3-SW1 and 
RN3-SW2), which are probably influenced by the evaporation effect. The correlation line of 
these samples is modeled as: 2H = 5.68 18O + 1.4‰ (Figure 5.2-3).  
The isotopic compositions of thermal waters are more depleted than the surface waters, as 
shown in Figure 5.2-3. The decrease in isotope values for precipitation varies according to a 
function of increasing elevation since isotopic fractionation occurs from cooling and 
condensation of water vapor as it rises over the mountain (Rowley et al., 2001; Rowley and 
Garzione, 2007). However, the altitude gradient of stable isotopes in this area has not been 
investigated in this study. Therefore, the recharge areas of thermal water are proposed to be 
located at the higher elevations and can be estimated by Eq. (3.4) and applying altitude- 18O 
gradient in Thailand from Doi Inthanon reported, -0.22‰/100m (TINT, 2012) as 
aforementioned in Chapter 3. The results of the recharge elevation estimation are ranging from 
377.85 to 482.85 m AMSL and shown in Table 5-11. 





Recharge elevation  
(m AMSL) 
 1st 2nd 
RN1-1 37.70 409.83 377.85 
RN1-2 38.57 - 402.87 
RN1-3 39.85 - 395.73 
RN2 15.61 407.55 405.12 
RN3 72.54 482.85 461.13 
RN3-1 66.50 - 411.37 
RN3-2 67.82 - 433.81 
RN5 37.48 434.43 424.78 
RN6-1 66.88 422.70 436.56 
RN6-2 67.50 476.69 406.35 
RN6-3 69.00 423.87 467.65 




The isotopic compositions of the thermal water samples exhibit lower seasonal changes 
compared to the isotopic compositions of the surface water. In Figure 5.3-2, the grouping of 
the thermal water samples in the pre-monsoon season features a wider distribution and higher 
deviation towards the LMWL than in the post-monsoon seasons. This result indicates that the 
seasonal variation has an effect on the isotopic ratio of thermal water samples. This conclusion 
is consistent with the conclusion from Rowley et al., (2001); Rowley and Garzione, (2007) that 
this isotopic signature from the unconfined aquifer can be retained from some seasonal effect 
in recharge. 
The isotopic compositions of 2H and 18O in thermal water samples are likely correlated, 
given by the equation 2H = 3.47 18O + 12.3 ‰ (R2 = 0.72) and, shown in Figure 5.3-2. The 
slope of this equation is lower than the slope of the evaporation line from surface water (Figure 
5.2-3 (a)). Hence, this could suggest that this isotopic correlation line for thermal water is not 
derived from the evaporated surface water. It probably originated from the water-rock 
interaction. 
The 18O-shifted values in the thermal water are estimated from the 18O in model LMWL and 
shown in Table 5-5. All of the 18O-shifteds results are lower than the analytical precision of 
18O (0.2 ‰). The ranges of the 18O-shifted results in the post-monsoon season are narrower 
than that for the pre-monsoon season. This would indicate that the water-rock interaction in the 
pre-monsoon season is higher than that from the post-monsoon season. Particularly, the 
seasonal variation of the 18O-shifted values in RN5 (ranging from -0.05 to 0.02‰) and RN6 
(ranging from -0.02 to 0.12‰) are higher than from the other hot springs. This means that the 
variation of water-rock interaction in RN5 and RN6 hot springs are influenced by the seasons, 
which would reflect short water travel time in these systems. 
The isotopic ratios of RN2 and RN3 thermal water samples, which are located in the middle of 
the study area, showing insignificant deviation from each other in both seasons with similar 
chemical concentrations. These thermal water samples are probably recharged at the same 





Figure 5.3-2: Stable isotope results in thermal water samples from December 2014 and March 
2016, compare with LMWLs from Ranong station. The blue symbols represent the samples, 
collected in December 2014, while red symbols represent the samples collected in March 2016. 
The gray line represents the model LMWL equation which contains slope from the average 
LMWL (7.97) and a y-intercept of the average of DExcess from thermal water (13.47‰). The 
dotted gray lines represent the linear from the LMWL equation. The blue line represents the 







































































5.3.1.2 Geochemical processes. 
Groundwater geochemistry is controlled by the chemical and physical processes of subsurface 
systems such as cation exchange, dissolution of silicate minerals, and dissolution and/or 
precipitation of carbonates and gypsum (Cartwright and Morgenstern, 2012). In the Ranong 
geothermal area, the thermal waters provide a higher chemical concentration relative to surface 
water. From the triangular diagram, the water samples are dominated by Na-HCO3 type 
commonly indicating the presence of a shallow condensate zone from the margins of the 
geothermal fields (Nicholson, 1993). Moreover, the isotopic composition in thermal water 
indicates the precipitation origin. These would reflect the developing of chemical concentration 
from rainwater and surface water to the subsurface geothermal system. 
As aforementioned in Chapter 3.3, for visual identification of the geochemical processes, the 
analytical major-ion compositions in thermal waters samples and the major-ion compositions 
in Post-ET (Table 5-4) are plotted in the Schoeller’s diagram in Figure 5.3-3.  
 
Figure 5.3-3: Schoeller’s diagram of the major-ion concentration between the geothermal 
water versus Post-ET. 
In Figure 5.3-3, most of the major-ion concentration in thermal water (F-, Na+, K+, SO4-and 
Ca2+) are increased from major-ion compositions in Post-ET. The geological setting of these 
thermal water is the granitic basement rock, mainly composed of plagioclase (Na-feldspar), K-
feldspar, and Biotite. These minerals can provide major-ion compositions to the water at the 
higher temperature and long residence time. This can suggest that the concentration of F-, Na+, 
K+, SO4- and Ca2+ could be developed from the granitic minerals after the water flow through 
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In contrast, Mg2+ concentrations in thermal water are clearly lower than that in the 
precipitation. According to Nicholson, (1993), Mg2+ can precipitate in the form of carbonates, 
gypsum, or siliceous sinter at height temperature and is easily absorbed into these secondary 
alteration minerals; such as illite, montmorillonite, and chlorite. According to the petrology 
investigation, our granite samples demonstrated chloritized of biotite and minor sericitized of 
plagioclase. Therefore, these imply that Mg2+ may be decreased by precipitation processes after 
the water flow through the undersaturated zone which contains the altered minerals. 
Cl- is a conservative element in the hydrological cycle, and is a useful chemical tracer for 
indicating sources, atmospheric input and the flow part of the subsurface. The main sources in 
the hydrological system are derived from marine salt, human activity, and rock (halite)(Clark, 
2015; Nicholson, 1993; Petelet-Giraud et al., 2003). However, the Cl- concentrations in the 
thermal water samples are in a small range from 2.77 to 4.90 mg/l and is lower than the 
maximum Cl- concentration of the precipitation in Figure 5.3-3. These can be indicating that 
Cl- in thermal water was assigned to the precipitation origin. 
From Figure 5.2-1 and Figure 5.2-2, the triangular diagram, The water samples are dominated 
by Na-HCO3 type is commonly characterized in the shallow condensate zone from the margins 
of the geothermal fields (Petelet-Giraud et al., 2003).  
5.3.1.3 Source of dissolved carbon and residence time of thermal water 
Residence time is an important parameter for evaluating the quantity of water in the 
hydrological system. This study investigates the residence time of the Ranong hot springs 
through tritium and radiocarbon dating. 
All samples of Ranong thermal water have low tritium content ranging between 0 and 0.1 TU, 
the values of which are lower than the standard deviation of the measurement. Therefore, it can 
imply that the residence time in thermal springs is older than 60 years. 
For carbon sources and residence time estimation, the dissolved inorganic carbon concentration 
(DIC) from all water samples in the Ranong geothermal area are similar with respect to the 
bicarbonate ion form (HCO3-) at pH 6.72 - 8.1, which is the most abundant anions. Ranong 
thermal waters have the depleted 13C isotopic compositions (Table 5-6) ranging from -25.59 
to -23.55, are in agreement with the dissolved organic carbon (DOC) in groundwater (Clark, 




the southwestern coast of Thailand ranging from -27.8 to -23.9‰ (Kuramoto and Minagawa, 
2001). 
This depleted 13C ratio of the reaction product (HCO3-(aq)) in Ranong hot springs may associate 
with the silicate weathering from rapidly infiltration process (Han et al., (2012), Han and 
Plummer, (2016)). In this situation, the infiltrated water molecules react through the dissolution 
of CO2(aq) from the soil, forming carbonic acid (H2CO3(aq)). These molecules, which have 13C 
from the soil gas, rapidly move into the silicate aquifer and weather the silica mineral in the 
basement rock without the interaction from the other carbon sources. This process may lead to 
an increase in HCO3-(aq), Na+, and K+ in the water. Therefore, considering the geological setting 
of Ranong hot springs, we can imply that the thermal water rapidly recharges from the shallow 
soil layer and flows through the sinkhole/fracture of cretaceous regional granite where non-
carbonate are. 
In order to improve the radiocarbon age estimation, certain studies have attempted to adjust the 
analytical results of 14C to be the initial radiocarbon amount (14C0) which is the value before 
being modified by the geochemical processes, but not radioactive decay. In the case of the fast 
infiltrating water and low 13C values of Ranong hot springs, Pearson’s model in Eq. (5.1) 
seem to be a suitable application to correct the initial radiocarbon (14C0) (Han and Plummer, 
2016).   
𝐶14 0 =
𝐶𝑔 − 𝐶𝑠1414
𝛿 𝐶𝑔 −13 𝛿 𝐶𝑠13
(𝛿 𝐶𝐷𝐼𝐶 −13 𝛿 𝐶𝑠13 ) (5.1) 
where 14Cs and 13Cs are Carbon isotopic composition of dissolved soil carbonate minerals 
assume to be 14Cs = 0, 13Cs = 0, 14Cg and 13Cg are Carbon isotopic composition of soil gas CO2, 
assumed to be 14Cg = 100, 13Cg values are in the range of the previous 13C value (-27.8 to -
23.9‰) in soil and river sediment (Han and Plummer, 2016), 13CDIC is a carbon isotopic 
composition determined from the thermal water samples, The corrected results of initial 
radiocarbon (14C0) and age estimation in Ranong hot spring water where are shown in Table 5-
12. 
After the recalculation is completed, the fluid residence time results indicate a range of 2,675 
to 5,235 BP, which appears to be around 600 to 1200 BP when compared to the unadjusted 




shortest is RN3. In addition, the long residence time results from 14C are inconsistent with the 
tritium results, which have shown a residence time period for these hot springs of longer than 
60 BP.  
5.3.2  Geothermal assessment, geothermometer application. 
Different geothermometers provide the different range of temperature results. However, if the 
system has not reached the water-rock equilibrium state and/or has been mixed with cooled 
water while rising to the surface, a straightforward temperature estimation from these 
geothermometers would not provide reliable temperature results. This study recognizes three 
graphical tools for validating these geothermometers in Ranong hot springs: the Na-K-Mg 
triangular diagram, the quartz/Na-K diagrams and quartz/Mg-K diagrams, and the silica-
enthalpy mixing model. 
5.3.2.1  The Na-K-Mg triangular diagram. 
All of the Ranong thermal waters are located in the immature water regime of the Na-K-Mg 
triangular diagram (Figure 5.3-4). Apart from that, the RN3-2 hot spring closest to being 
partially equilibrated. This suggests that Ranong thermal waters are in the near-surface rock-
water reactions. Therefore, the slow rock-water equilibrium reaction of the Na-K 





Table 5-12: Corrected resident times period of hot springs in Ranong area. 
Location name Temp Measured 14C Uncorrected residence times 
14CDC/14C0 Corrected residence times 
  °C PMC error BP error  BP 
RN1 Raksawarin hot spring 66.70 56.85 1.36 4,540 200 0.53-0.62 3,985-5,235 
RN2 Phu Lum Phi hotspring 41.40 n.d. n.d. n.d. n.d. - - 
RN3 Phorn Rung hot spring 45.70 61.94 1.47 3,850 190 0.62-0.72 2,675-3,920 
RN5 Rattana Rangsan hot spring 46.00 54.70 1.31 4,850 200 0.56-0.65 3,618-4,865 
RN6 Had Yay hot spring 45.90 59.04 2.43 4,230 200 0.59-0.69 3,075- 4,325 






Figure 5.3-4: Na-K-Mg triangular diagram of the Ranong thermal water (Giggenbach, 1988). 
5.3.2.2 The Quartz/Na-K diagram and Quartz/Mg-K diagram 
The graphical correlation between the silica geothermometer and two cation geothermometers 
(Na-K and Mg-K) with the different rate of equilibrium reactions has been applied to check the 
validity of each aforementioned geothermometer.  
The Quartz/Na-K diagram (Giggenbach, 1988) and the Quartz/ Mg-K diagram (Giggenbach et 
al., 1994) compare the logarithm of chemical concentration from hot springs and theoretical 
geothermometer lines (Figure 5.3-5(a), and 5.3-5(b), respectively).  
In Figure 5.3-5(a), the Quartz/Na-K diagram results indicate that all of the thermal water are 
located below the theoretical line. For this reason, albite and K-feldspar minerals, (which are 
represented by Na and K), are probably not present as hydrothermal minerals. Moreover, 
thermal waters have likely not reached equilibrium. 
In Figure 5.3-5(b), the Quartz/ Mg-K diagram results indicate that all of the thermal waters are 




the graph. Remarkably, RN3-2 is closest to the quartz conductive cooling line, with an apparent 
equilibrium temperature of 114 °C, and RN-1 is at the chalcedony line, with an apparent 
equilibrium temperature of 99.6-100.9 °C. Other samples demonstrate a slight disequilibrium 
between the K-Mg and Silica subsystems since the logarithm value of silica are located slightly 
above the chalcedony line. Therefore, Ranong thermal waters are reliable on the conservative 
K-Mg and chalcedony subsystem, and these equilibrium temperatures are between 8 2  to 
105 °C. 
 
Figure 5.3-5: Quartz/Na-K diagram (modified from Giggenbach, 1988) and Quartz/Mg-
K diagram (modified from Giggenbach et al., 1994) for the considered thermal waters of 
Ranong area. 
5.3.2.3 The silica-enthalpy mixing model 
The chemical composition of the original thermal water can be modified by the chemical 
concentration of cold water. In this case, chemical geo-thermometers would probably obtain 
an incorrect estimated temperature result (mixed temperature).  
The mixing model results from Ranong hot springs in pre- and post-monsoon seasons are 
shown in Figure 5.3-6(a) and 5.3-6(b), respectively. The results in the first scenario illustrated 
that both graphs can draw a mixing line converge on the Chalcedony solubility curve in the 
RN1, RN3 and RN5 samples. However, the enthalpy from the convergent point of RN3 and 
RN5 (point A) is higher than the limitation of the chalcedony geothermometer, ie., more than 
1085.32 J/g (at 250 °C) (Arnórsson, 2000; Fournier, 1977). Therefore, it can be roughly implied 
that this model and the estimation of mixing ratio from the first scenario are only suitable for 
























































































indicate a slightly decreasing value from 0.83 to 0.79, and the reservoir temperatures are from 
194 to 229 °C. 
In the second scenario, (Table 5-13), the results show that: the initial SiO2 concentrations range 
from 225 to 355 mg/L, the corresponding reservoir temperatures range from 132 to 199 °C, the 
enthalpy dilution ratios (H) range from 0.80 to 0.93, and the dilution ratio SiO2 (S) range from 
0.73 to 0.83. Apart from that, the results in RN1 indicate lower value relative to the other hot 
springs.  
 
Figure 5.3-6: Silica-enthalpy mixing diagram of Ranong hot spring in post-monsoon season 
(a), and in pre-monsoon season (b). The results would compare with three theoretical reference 
lines; The first line (blue line) is the chalcedony solubility curve, and the second line (purple 
line) is the chalcedony maximum steam loss curve. Both curves estimated from the equation 
of chalcedony and chalcedony steam-loss geothermometer from Arnórsson et al., (1983). The 
third line (vertical gray line) refers to the boiling point of the water (at 100 °C) which has been 
assumed equal to 419 J/g of the enthalpy at saturation state (Wagner and Hans-Joachim, 2007). 
This model shows that if thermal water has been mixed with cool water during the discharging 
processes, the geothermal reservoir would have high temperature approximately ranging from 
130 to 199 °C. Most of the samples indicate stream-loss during ascension to the surface and 













Table 5-13: Estimated initial reservoir temperature and initial SiO2 concentration from the 
silica-enthalpy mixing diagram and mixing ratio results from RN1 hot spring in the pre-
monsoon and post-monsoon seasons. 
  RN1 RN2 RN3 RN5 RN6 













sampling point* 268.4 267.5 173.4 171.3 191.4 223.3 192.6 182.2 172.7 178.2 
SiO2 99.7 85.3 90.4 87.2 84.6 84.1 79.7 73.1 91.8 96.2 
Enthalpy  
(Point A) 985 825 - - - - - - - - 
SiO2 (Point A) 482 340 - - - - - - - - 
Temperature *     229 194 - - - - - - - - 
Enthalpy Dilution 
ratio (H) 0.83 0.79 - - - - - - - - 
SiO2 Dilution 







Initial Enthalpy at 
point C 595 555 820 845 725 630 685 715 820 845 
SiO2 at point C 183 155 395 425 297 210 255 285 395 425 
Initial dissolved 
SiO2 at point D 170 145 332 355 255 190 225 280 332 355 
Temperature at 
point C 142 132 194 199 171 149 162 169 194 199 
Enthalpy Dilution 
ratio (H) 
0.68 0.67 0.92 0.93 0.88 0.80 0.87 0.90 0.92 0.92 
SiO2 Dilution 
Ratio (S) 
0.49 0.51 0.80 0.83 0.75 0.66 0.73 0.79 0.79 0.81 
*Temperature and enthalpy of geothermal reservoir determined from international 
steam table at saturation state (Wagner and Hans-Joachim, 2007) 
5.3.3  The reservoir depth estimation. 
Identifying the fluid circulation depth is critical to understanding the dynamic behavior of the 
Ranong geothermal system. In natural geothermal systems, fluid circulates to great depth and 
is heated within the geothermal reservoir before ascending to the ground surface. The reservoir 
depth can be estimated by anomaly heat flow at hot springs, which is a site-specific variable. 
Even though the anomaly heat flow at hot springs in the Ranong area was not directly 
measured. Two reliable resources can be applied, the spatial distribution map of heat flow in 
south-eastern Asia (Hall, 2002) and drilling information from Phorn Rung hot spring. 
The temperature gradient in the area can be estimated from the spatial distribution map of heat 
flow in south-east Asia through the simple heat transfer equation in Eq. (3.6). 
The spatial distribution map of heat flow in southeastern Asia provides a heat flow value in the 




granite is assumed to be the same as the general thermal conductivity of granite ranging from 
1.73 to 3.98 W/m°C (The Natural Stone Institute, 2018). The estimated temperature gradient 
in the Ranong area ranges from 21.36 to 49.13 °C/km.  
For geothermal reservoir depth estimation from spatial distribution map, the highest range of 
the temperature gradient value (49.13 °C/km) is representative of the anomaly heat flow at hot 
springs that changing temperature from the geothermal reservoir to the surface. Since, the 
geothermal assessment, most of these hot springs are reliable on the conservative K-Mg and 
chalcedony subsystem. Therefore, the estimated depth of geothermal results in these thermal 
springs shown in Table 5-14. 
For geothermal reservoir depth estimation from drilling information of Phorn Rung hot spring. 
The differences in altitude and water temperature of the hot springs in Phorn Rung location, 
comprised of two natural hot springs (RN-3, RN3-1) and a pumping well (RN3-2), reflect the 
temperature gradient of the Ranong geothermal area.  
RN3 natural hot spring, which is covered by a circular concrete pool, discharge at an altitude 
72.54 m AMSL from the east bank of Phorn Rung river. Water from RN3-1 seeps up to an 
altitude 66.5 m AMSL from the middle of the Phorn Rung river. The pumping well (RN3-2) is 
located at 67.82 m AMSL and the well bottom is 142 m below the ground surface (DAEDE, 
2007). 
From the field sampling data, the difference in temperature and altitude between RN3 and 
RN3-2 are 47.3-60.8 = 13.5 °C and 72.54 - 67.82 = 4.72 m AMSL, respectively. The bottom 
of the RN3-2 is deeper than RN3 by 142 + 4.72 = 146.72 m. Therefore, the estimated 
temperature gradient at Ponrunk hot springs is about 92.01 °C/km. This value is in good 
agreement with the high geothermal gradient (~87 °C/km) from an abandoned oil well in the 















Heat flow map Drilling information 
Mg/K Chalcedony Mg/K Chalcedony 
(m) (m) (m) (m) 
1st 2nd min max min max min max min max 
RN1-1 66.70 66.8 613 687 688 879 327 367 367 470 
RN1-2 61.70 61.3 768 797 794 944 410 426 424 504 
RN1-3 64.00 63.6 728 831 775 993 389 444 414 530 
RN2 41.40 40.9 1,173 1,177 1,248 1,280 626 628 666 684 
RN3 45.70 47.3 1,080 1,092 1,030 1,113 577 583 550 595 
RN3-1 - 51.9 - 919 - 993 - 491 - 530 
RN3-2 - 60.8 - 812 - 828 - 434 - 442 
RN5 46.00 43.5 852 1,036 985 1,062 455 553 526 567 
RN6-1 45.90 41.9 1,090 1,198 1,160 1,274 582 640 619 680 
RN6-2 37.80 36 929 1,184 963 1,421 496 632 514 759 
RN6-3 40.00 43.8 - 1,039 - 1,362 - 555 - 727 
RN6-4 - 48.5 - 1,037 - 1,199 - 554 - 640 
 
As the geothermal assessment indicates that the Mg/K geothermometers and chalcedony 
geothermometers are suitable for estimating the reservoir temperature of the Ranong hot 
springs. Therefore, the expected depths of these geothermal reservoirs are estimated from the 
temperature gradient value at the Ponrunk hot springs (92.01 °C/km) and the changing 
temperature from reservoir temperature to the surface, shown in Table 5-14. 
The geothermal reservoir depth estimation from drilling information of Ponrunk hot spring 
(from 367 to 759 m depth) and heat transfer calculation at the high-temperature gradient (from 
613 to 1421 m depth) are in good agreement with the Bouguer anomalies observation from 
Sanmuang, (2009), suggesting that the thickness of Cretaceous granite range in this area is 1 
to 1.7 km depth and may be connected with the local rock. Moreover, the immature water 
results in the triangular equilibrium diagram (Giggenbach, 1988) indicate that these thermal 
waters are immature water that derided from the shallow system. The travel time is probably 
not long enough for equilibrium conditions with the host rock. Therefore, the results can 
conclude that the precipitation recharge to the fracture of the Cretaceous granite then flows 




82-105 °C from the heat at 1 to 1.7 km depth. Afterward, the water turns up/rises up to the 
upper part of the subsurface without contamination of precipitation or cool water. 
5.3.4  Water-rock interaction 
5.3.4.1 The REE in Ranong granite. 
In Figure 5.1-1., the distribution of REE results from feldspar minerals are in line with the REE 
pattern results from whole fresh Ranong granite (Imai et al., 2013). Moreover, the RN6 biotite 
mineral has a relatively high REE concentration with negative EU anomalies (3.0). The RN5 
feldspar is relatively low in REE concentration but has a high slope with positive EU anomalies 
(6.07). These distributions from RN5 feldspar and RN6 biotite mineral are in line with the REE 
concentration pattern of feldspar (plagioclase + K-feldspar) and mica (biotite + muscovite) 
minerals in unaltered granite rock as stated by Alderton, (1980).  
On the other hand, the REE distributions of RN1 and RN6 feldspar samples and the range of 
the REE concentration pattern of whole fresh granite from Haad Som Paen, Ranong tin field 
(Imai et al., 2013), both have high HREE concentration with negative EU anomalies. As 
proposed by Imai et al., (2013), the petrological evidence found points to the REE were 
potentially mobile during hydrothermal alteration, for instance, through chloritization and the 
sericitization. In sericitization, the feldspar minerals are replaced by muscovite and have the 
high negative EU anomalies. In the chloritization, the biotite and the feldspar minerals are 
replaced by chlorite, which can accommodate HREE released from the minerals. Therefore, 
these resulted in an increase in the size of the negative EU anomalies and an increase in HREE 
concentration in the hydrothermally altered feldspar. These can suggest that the degree of 
alteration in RN1 and RN6 feldspar minerals are stronger than that in RN5 feldspar mineral. 
5.3.4.2 REE in fluid phase  
According to the REE concentration, the geothermal fluids are derived from the dissolution 
and alteration of the accessory minerals in the host rocks. The variation in REE composition 
and pattern in water samples may be used as an indicator for understanding the fractionation 
mechanism during alteration of rock and fluid transport, the history of rock alteration, and the 
state of equilibrium in water-rock interaction.  
The chondrite normalized REE patterns in Figure 5.2-4 show that the REE pattern in surface 
waters is similar to the REE pattern in the rock samples, however, the degree of enriched LREE 




completely different REE pattern and lower compositions relative to those of rocks and surface 
water. These results are generally consistent with the conceptual model states that REE in 
surface waters at atmospheric pressure would be leached from the host rock. After the water 
passes other permeable rock to the thermal system, the REE in thermal water is commonly 
regenerated by the rock minerals and is chemically reduced by increasing temperature and 
pressure (Migdisov et al., 2016; Möller, 2007).  
Moreover, our results illustrate markedly depleted LREE patterns (especially in Pr, Nd, and 
Sm elements) relative to HREE in some samples (e.g., RN1-1, RN3, and RN6-1, shown in 
Figure 5.2-4). As proposed by Migdisov et al., (2016); Möller, (2007), this evidence points to 
chemical complexation of various strengths (e.g., OH-, F-, HCO3-, H2PO4-) which plays an 
important role in the behavior of REE in the hydrothermal system.  
For more detail, the experimental data from Migdisov et al., (2016), points out that chloride 
(Cl-) and sulfate (SO42-) are the main ligands responsible for REE transportation, while Fluoride 
(F-) is the main ligand responsible for REE deposition. These ligands can be used to evaluate 
the REE behavior in the Ranong hydrothermal area. The chemical concentrations of these 
ligands are plotted against total REE concentrations in Figure 5.2-7. 
These ligands likely indicate a negative correlation with total REE content. These total REE 
relationships with Cl- and with SO42- (Figure 5.3-7(a), and (b)) do not support the conclusion 
of Migdisov et al., (2016), who state that these ligands are REE vehicles, which increases the 
mobility of REE complexes. This would lead to the release of REE complexes to the discharge 
water.  
Conversely, the high negative correlation between F- and total REE concentration (Figure 5.3-
7(c)) is in line with the aforementioned conclusion. Leached fluoride in groundwater leads to 
the crystallization of solid REE-fluoride complexes along the flow path. The LREE-fluoride 
complexes, which have lower solubility relative to the HREE-fluoride complexes, precipitate 
in veinlets before discharging to the outflow. Therefore, these can indicate that the total REE 
concentration in the Ranong geothermal area is chemically controlled by the variation of F- 
ions, and the depleted LREE patterns in thermal water are likely associated with the 
precipitation processes of LREE-fluoride complexes along the flow path. 
Fluoride concentrations are controlled by the physiological condition of the rock geochemistry, 
e.g., decomposition, dissociation, and subsequent dissolution. In addition, analytical 




increasing sodium (Na+) and potassium concentrations (K+) (shown in Figure 5.3-8(a), and (b), 
respectively). This evidence indicates the progressive dissolution of silicate minerals such as 
feldspar and biotite minerals. This supports our petrological findings that the alteration of 
fluorine-rich minerals, e.g., mica minerals (biotite + muscovite) altered into clay minerals (e.g., 
chlorite). This indicates that the fluoride concentration in the Ranong thermal water likely 
effectively originated from the dissolution of altered fluorine-rich minerals in the Ranong 
granite.  
Besides leaching F- through the mica minerals dissolution, Chae et al., (2006) point out that 
calcium concentration plays an important role in F- precipitation in the groundwater system. In 
the case of high Ca2+, the F- concentrations are chemically precipitating with calcium in the 
form of the fluorite mineral (CaF2(s)), which lead to low fluoride concentrations. In contrast, in 
the case of low Ca2+ concentrations, the precipitation of the fluorite mineral (CaF2(s)) does not 
occur, indicating high fluoride concentrations. In addition, several geochemical processes 
reduced the Ca2+ concentration in the subsurface system, e.g., calcite precipitation, adsorption, 
and cation exchange. 
The plotted correlation of chemical concentration comparing between precipitation and thermal 
water (Figure 5.3-3.) indicates that the Ca2+ concentrations in thermal water have similar value 
with that in precipitation water, while F- concentrations in thermal water is higher than that in 
the precipitation. These can imply that the Ca2+ in thermal waters remains the concentration 
from meteoric water without precipitation and mixing processes along the flow part. Therefore, 
these can suggest that fluoride concentrations in Ranong thermal water are not controlled by 
Ca2+ concentration variability and F- concentration is mainly leached from altered fluorine-rich 






Figure 5.3-7: Correlation between three ligands for instance; chloride (Cl-) (a), sulfate (SO42-) (b), and fluoride (F-) (a), along with total REE 
concentration. 
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5.3.4.3 The strontium isotopic ratio and chemical concentrations in the solid 
phase. 
According to DMR, (2014), the rock sampling locations in Cretaceous granite in the western-
province granitic belt group (S-type) have high initial Sr isotopic ratios ranging between 0.708 
and 0.745. The mineralogical 87Sr/86Sr ratio results in RN6 and RN5 surface rock samples are 
in line with the range of 87Sr/86Sr ratio in whole granite rocks in Ranong province from 
Charusiri et al., 1992), ranging between 0.7721 and 0.8106 (n=3, 86.9 Ma). Meanwhile, the 
highest feldspar 87Sr/86Sr ratio results are presented in the RN1 sample in the middle of Ranong 
granite (Figure 5.2-5.) and is significantly higher than the range of whole rock 87Sr/86Sr ratio 
from Ranong granitic rocks. This demonstrates that the Ranong granite has Sr isotopic 
heterogeneity and that the spatial distribution of 87Sr/86Sr ratios varies from the high value in 
the middle (RN1) to the lower value further south (RN5) and further north (RN6) of the Ranong 
pluton. 
Theoretically, mineral crystallization and decay processes are responsible for the significant 
amount of Rb and Sr content in each mineral. Mica minerals (biotite and muscovite) have 
higher Rb/Sr and higher 87Sr/86Sr ratio relative to feldspar minerals (plagioclase and potassium 
feldspars). Conversely, our granite analysis results indicate significantly low Rb content in the 
biotite as well as low Sr content in feldspar. These 87Sr/86Sr and Rb/Sr ratio results for the 
granitic mineral samples are plotted in the Rb/Sr isochron diagram in Figure 5.3-9. 
Remarkably, the most Rb/Sr depleted sample is the biotite in RN6 clearly correlating with the 
results of the RN6 thin-section profile. This can indicate completely chloritization and minor 
sericitization in this granitic rock. As proposed by (Glodny and Grauert, 2009), the evidence 
points to alteration-related mineralogical changes. During chloritization, the biotite is broken 
down in the alteration zone and loses K-Rb elements to the fluid. Meanwhile, the plagioclase 
feldspar loses Ca-Sr elements to the fluid during sericitization. Therefore, the biotite minerals 
show low Rb/Sr ratios and low radiogenic compositions, while the feldspar minerals show high 






Figure 5.3-9: Strontium isotopic composition of surface granite samples in Ranong geothermal 
area.  
5.3.4.4 The strontium isotopic ratio and concentration in the fluid phase. 
Dissolved Sr in natural waters is derived from different sources, which are generally the 
atmospheric inputs and weathering products from minerals and rocks. Sr isotopic ratios can 
provide information on the origin of these sources of solutes within the water.  
The present study applies the mixing model from Wiegand, (2009) assuming that the mixing 
process between atmospheric inputs and weathering products at the steady-state condition (as 
aforementioned in Chapter 3) 
The granite dissolution model (Négrel et al., 2001; Petelet-Giraud et al., 2003) in Eq. (3.13) is 
computed on the represent parent rock of the hot spring. For the reason that the granite cannot 
be sampled from every water sampling area, the calculation of the mixing model is computed 
from the most representative parent rock of thermal groundwater, as follows; The RN6 rock 
sample represents the parent rock from the RN6-1 and the RN6-2 hot springs. Remarkably, the 
rock sample from RN5 (Heo Lom waterfall) is the foliated granite that cannot identify the 
minerals composition. The RN1 rock sample represents the parent rock from the rest of the hot 
springs. The minerals composition of each parent rock from the petrology analysis and the 





Table 5-15: Analytical results of Rb, Sr, and 87Sr/86Sr ratio in the rock samples in Ranong 
geothermal area. 
Location Rock Sample Type of Mineral 








RN6 Ban Hat Yay hot spring 
Bi 0.7782 532 5 
16.1 0.7846 
FS 0.7892 78 40+15 
RN1 Raksawarin River 
Bi - - 5 
9.8 0.8086 
FS 0.8737 32 35+15 
RN5 Heo Lom waterfall 
Bi - - - 
7.3 0.7767 
FS 0.7601 5 - 
*FS = Feldspar minerals that contains plagioclase and K-feldspar, Bi = Biotite. 
 
Table 5-16: Mixing model results of Sr, and 87Sr/86Sr ratio in thermal water samples in Ranong 
geothermal area. 
Location 87Sr/86Sr 
Sr Sr from rock % Sr from 
rock 
( g/L) (mg/l) 
RN1-1 0.74886 71.6 62.36 87.09 
RN2 0.73971 99.22 86.81 87.50 
RN3 0.73861 82.33 71.25 86.54 
RN5 0.74519 53.89 47.59 88.31 
RN6-1 0.74909 44 37.93 86.21 
RN6-2 0.74906 47.66 41.43 86.92 
 
Table 5-16, the mixing model provides a narrow range of percent Sr from rock contribution 
between 86.21 and 88.31%. Due to Figure 5.2-5, the spatial distribution of 87Sr/86Sr ratio in 
thermal water likely be variable on 87Sr/86Sr ratio in the feldspar minerals. This can suggest 
that these hot springs have similar water-rock interaction and are isotopically controlled by the 





Geothermal fluids are generally controlled by the geological setting of the area and conduct 
with the surface hydrological system. Six hot springs in Ranong province manifest along the 
intrusive Cretaceous-granite batholith, which is featured mountainous topography and is 
contacted with the Ranong faults in the west of the province. This can imply that the faults 
system plays an important row in the hot springs (Sanmuang, 2009). Moreover, there are 
several NW-SE conjugate faults line with the NE-SW Ranong major fault and different 
direction of hundred fractures in the vicinity of the hot springs. These faults and fractures 
control the hot spring system (Chaturongkawanich and Leevongchareon, 2000). 
The previous geophysical investigation from the gravity anomaly’s results 
(Chaturongkawanich and Leevongchareon, 2000) demonstrate that the main heat sources 
probably originated from the deep granite mass or magmatic body (3.5 to 5 km depth) in the 
south-eastern part of Ranong Province, also transferring to the local granite through regional 
fractures and faults. As aforementioned, the geological setting in this area is complicated. 
As the geochemical and isotopic composition results in thermal water are distinctively different 
from that of the surface water (in Chapter 5.2). The stable isotopic composition and Cl- 
concentration results can clearly suggest that the local precipitations are the main recharge 
source of thermal water and surface water without magmatic contact. Moreover, the thermal 
water is recharged from the higher elevation compared with the surface water. The chemical 
concentration, temperature, and EC in geothermal water are higher than that in the surface 
water. The thermal fluid obtains the chemical composition along the flow part that is described 
in the Na-HCO3 type. This can explain the regional conceptual model that the amount of 
precipitation infiltrates from faults and fractures of the granite with the attitude between 378 
and 482 m AMSL into the underground, is heated at the reservoir depth between 327 and 640 
m (-286 to -612 m AMSL) before ascending to the surface (based on drilling information and 
Mg/k geothermometer). The 87Sr/86Sr mixing model indicating that these hot springs have 
similar water-rock interaction. 
For more specific interpretation, the surface flow direction (Figure 5.4-1), is estimated from a 
Digital Elevation Model (DEM) using the ASTER 30 m resolution dataset (USGS Earth 
Explorer, 2017) which was embedded in ArcGIS v.10.3 (ESRI ©, 1999–2018), can 




area to the lower elevation. The water mostly outflows to the sea on the west side of the study 
area. 
 
Figure 5.4-1: Topographic map along with sample location points of the study area. The 
yellow arrows represent the surface flow direction of each area. 
Therefore, for future water resources assessment, four conceptual models in these geothermal 
hot springs are established by considering the surface flow direction from the topographic map, 










The surface water in this hot spring area flows from the high mountainous area in the west and 
the south to the lower elevation in the central and runoff to the sea in the north direction of the 
map (Figure 5.4-1). Due to the isotopic composition results in thermal water indicate the 
estimated elevations of the recharge area are between 400 and 480 m AMSL. This elevation 
results match with the NW-SE conjugate faults adjacent to the hot spring’s location (Figure 
5.4-2. (a)).  
     
(a)                                                        (b) 
Figure 5.4-2: Topographic map with major and local faults structures (a) and conceptual model 
(b) of Ban Hat Yay hot spring (RN6). The purple circle represents the water sample location. 
The black dot lines represent local faults and fractures drawn according to a recent survey 
(Sanmuang, 2009). The orange line (cross-section line; A-A’) represents the location of the 
conceptual model. The conceptual model is generated from our geochemical and isotopic 
investigation, and geoinformation from previous study. 
Our results can suggest that the precipitation water infiltered from the high mountainous area 
(400 to 480 m AMSL) at NW-SE conjugate faults to the geothermal reservoir at 455 to 640 m 
depth (-388 to -573 m AMSL). The heat source of the system is transferred from the great depth 



















up to the surface along the conjugate fault’s direction which has the travel time period more 
than 3,075 to 4,325 BP. The conceptual model of RN6 hot spring shown in Figure 5.4-2. (b). 
Moreover, RN6-SW1 contains the anomaly highest value of field parameters and chemical 
concentration in surface water (EC: 213 µS/cm, temperature: 35.5 °C, pH: 7.6, and chemical 
concentration: > 10 mg/l). This anomaly probably derived from the mixing between hot water 
and surface water. The simple binary mixing model from silica concentration indicates that the 
RN6-SW1 is mixed with 61% hot water. 
2) RN1 
The surface water in this hot spring area flows from the high mountainous area in the east to 
the lower elevation in the west and outflows to the sea on the west side of the study area (Figure 
5.4-3(a)). Our results can suggest that the precipitation water infiltered from the high 
mountainous area (375 to 410 m AMSL) at NW-SE conjugate faults to the geothermal reservoir 
at 325 to 445 m depth (-286 to -406 m AMSL). The heat source of the system should be from 
the great depth of the granitic batholith and heated the fluid until 97 to 105 oC. Then, the 
thermal fluid rises up to the surface along the fault’s core direction which has the travel time 
period more than 3,985 to 5,235 BP. The thermal fluid obtains the chemical composition along 
the flow part that is described in the Na-HCO3 type. The conceptual model of RN1 hot spring 





   
(a)                                                        (b) 
Figure 5.4-3: Topographic map with major and local faults structures (a) and conceptual model 
(b) of Raksawarin hot spring (RN1). The purple circle represents the water sample location. 
The black dot lines represent local faults and fractures drawn according to a recent survey 
(Chaturongkawanich and Leevongchareon, 2000). The orange line (cross-section line; B-B’) 
represents the location of the conceptual model. (b) The conceptual model is generated from 
our geochemical and isotopic investigation and geoinformation from previous study. 
3) RN2 and RN3 
These hot springs likely are in the same surface flow system that flows from the high 
mountainous area in the east to the lower elevation in the west and outflows to the sea on the 
west side of the study area (Figure 5.4-4(a)). Moreover, the analyses of hydro-geochemical and 
isotopic compositions illustrate the similarity in each parameter. These can suggest that these 
hot springs ascend from the same systems. The conceptual model of RN2 and RN3 hot springs 
shown in Figure 5.4-4 and explain below. 
Stable isotope results in these hot springs can suggest that the precipitation water infiltered 
from the high mountainous area (405 to 483 m AMSL) and infiltered towards a geothermal 
reservoir at 577 to 628 m depth (-485 to -612 m AMSL). The heat source of the system heated 
the fluid until 100 oC. Then, the thermal fluid rises up to the surface along the fault or fracture 
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direction which has the travel time period from 2,675 to 3,920 BP. The thermal fluid obtains 
the chemical composition along the flow part that is described in the Na-HCO3 type. The 
conceptual model of RN2 and RN3 hot springs shown in Figure 5.4-4(b). 
 
 
(a)                                                        (b) 
Figure 5.4-4: Topographic map with major and local faults structures (a) and conceptual model 
(b) of the Phu Lum Phi and Phorn Rung hot springs (RN2 and RN3). The purple circles 
represent the water sample locations. The black dot lines represent local faults and fractures 
drawn according to a recent survey (Chaturongkawanich and Leevongchareon, 2000). The 
orange line (cross-section line; C-C’) represents the location of the conceptual model. The 
conceptual model is generated from our geochemical and isotopic investigation and 
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The surface water in this hot spring area flows from the high mountainous area in the east to 
the lower elevation in the west and outflows to the sea on the west side of the study area (Figure 
5.4-5(a)). Our results can suggest that the precipitation water infiltered from the high 
mountainous area (455 to 425 m AMSL) to the geothermal reservoir at 445 to 533 m depth (-
407 to -495 m AMSL). The heat source of the system should be from the great depth of the 
granitic batholith in the south of the map and heated the fluid until 85 to 97 oC. Then, the 
thermal fluid rises up to the surface along the fault’s core direction which has the travel time 
period more than 3,618 to 4,865 BP. The thermal fluid obtains the chemical composition along 
the flow part that is described in the Na-HCO3 type. The conceptual model of RN5 hot spring 
shown in Figure 5.4-5(b). 
    
(a)                                                        (b) 
Figure 5.4-5: Topographic map with major and local faults structures (a) and conceptual model 
(b) of the Rattana Rangsan hot spring (RN5). The purple circle represents the water sample 
location. The black dot lines represent local faults and fractures drawn according to a recent 
survey (Chaturongkawanich and Leevongchareon, 2000). The orange line (cross-section line; 
D-D’) represents the location of the conceptual model. (b) The conceptual model is generated 
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The low enthalpy hot springs in Ranong Province in the southern part of Thailand are 
manifested along the Cretaceous granite basement rock and have become local tourist 
destinations in the southern part of the country. A comprehensive understanding of the natural 
hydrodynamic system is required for an evaluation of the availability and sustainability of 
groundwater resources. Analyses of the hydro-geochemical and isotopic composition of the 
thermal water indicate that: 
- The seasonal variation in isotopic and chemical compositions is more pronounced in 
surface water, while the thermal water demonstrates remain stable compositions during 
seasonal changes.  
- These waters are classified as sodium bicarbonate water type (Na-HCO3 type) which 
commonly indicates shallow condensate zones along the margins of the geothermal fields and 
identify the weathering of silicate system in the area. Most of the chemical concentrations (F-, 
Na+, K+, SO4- and Ca2+) in thermal water could be developed from the Cretaceous granite 
basement rock of the geothermal fields. Apart from that, Mg2+ concentration may be decreased 
by precipitation processes after the water flow through the undersaturated zone which contains 
the altered minerals. The Cl- in thermal water is derived from precipitation. 
- The stable isotope compositions of thermal water are located unusually above the 
LMWL. This derives from the high variation of meteoric water in this region as well as the 
collection of water depleted heavy isotopes during large precipitation events. A modeled 
LMWL is drawn for interpretation, is given by the following equation 2H = 7.97 18O + 
13.4 ‰. These can suggest that both thermal and surface water are originated from local 
meteoric water without magmatic origin. The thermal water is recharged from the high 
elevation of the mountainous area ranging from 378 to 483 m AMSL.  
- Although the 18O-shifted values in thermal water are lower than the analytical 
precision of 18O (<0.2‰), the seasonal variation in 18O-shifted values are found in some hot 
springs (RN5 and RN6) reflecting the shallow-circulating system. 
- The depleted 13C ratio of the thermal water (ranging from -25.59 to -23.55‰) is 
derived from organic-rich soil and river sediment from the southwestern coast of Thailand 
(Kuramoto and Minagawa, 2001). The water rapidly infiltrates to the shallow soil layers and 




the basement rock. The corrected residence time from the 14C dating by Pearson’s model ranges 
from 2,675 to 5,235 BP. This consistent with the residence time from tritium results that 
indicate more than 60 BP.  
- The geothermometer application provides a different range of temperature results. The 
verification of the geothermometry application suggests that the Ranong geothermal area 
derives from near-surface rock-water reactions (shallow system) and is reliable on the 
conservative K-Mg and chalcedony subsystems, which state equilibrium temperatures ranging 
from 82 to 105 °C. Based on drilling information and Mg/k geothermometer, the estimated 
reservoir depth is in the range from 327 and 640 m (-286 to -612 m AMSL). Moreover, if 
thermal water sample has been mixed with cold water in the silica-enthalpy mixing diagram, 
the geothermal reservoir would have high temperature approximately ranging from 130 to 
199 °C and most of the samples have stream-loss during ascending to the surface and mixed 
with cool water from 70 to 90% by volume. 
- The water-rock interaction in the Ranong geothermal area is evaluated by applying 
the REE and strontium isotopic compositions in minerals of surface rock and thermal water.  
- The petrology results indicate mineral alteration, e.g., chloritization and the 
sericitization in the granitic rocks in Ranong. 
- The REE concentration pattern results are generally accepted that REE in surface 
waters would be leached from the host rock. After the water passes the local permeable rock 
to the thermal system, total REE concentrations are chemically reduced by increasing 
temperature and pressure. Moreover, the results suggest that the F- concentration from altered 
fluorine-rich minerals (biotite and muscovite) predominantly control the precipitation 
processes of LREE-fluoride complex during flow path in this system. This contributes to the 
LREE depletion in thermal water.  
- The mixing model of 87Sr/86Sr isotopic ratio and strontium composition in thermal 
water provides a narrow range of Sr from rock contribution from 86.21 to 88.31%. This can 
suggest that these hot springs have similar water-rock interaction and are isotopically 
controlled by the granitic rock. 
- Theses environment chemical and isotopic results in Ranong geothermal hot springs 




topographic map, the previous geophysical investigation, and our results, for instance; 1) RN6, 









6 Comparison of Mae Chan and Ranong geothermal area. 
Mae Chan and Ranong geothermal areas are located in different regions and have different 
topography. The isotopic and chemistry results show similarities in the origin of thermal water, 
water type, the evolution of REE pattern, and water-rock interaction as described below. 
• The geothermal water in both areas comes from a shallow system in granitic rock, it is 
originated from meteoric water and chemically classified in Na-HCO3 type.  
• The mineral alteration, e.g., chloritization and sericitization in the granitic rocks are 
identified in both areas. The alteration changes the concentration of Sr and REE 
concentration, and 87Sr/86Sr ratio in the minerals. 
• The REE in thermal waters are modified by host rocks and predominantly controlled 
by F-concentration. 
The differences in each parameter and geothermal processes between the two areas are 

















Table 6-1: Comparison of the geothermal parameters and processes between two study areas. 
 Mae Chan Ranong 
Granitic host rock Triassic (?) granite Cretaceous granite 
Surface temperatures 50 to 92 °C 41 to 66 °C 
Chemical concentration High Low 
Chemical precipitation Mg2+ and Ca2+ - 
87Sr/86Sr in the feldspar 
minerals 0.7230-0.7418 0.7601-0.8737 
87Sr/86Sr in the biotite 
minerals 0.7710-1.2520 0.7892 
Recharge elevation 740 - 1,200 m AMSL. 378 to 483 m AMSL. 
Sources of dissolved 
carbon 
dissolved inorganic carbon 
(DIC) 
dissolved organic carbon 
(DOC) 
Residence time period 12,760 to 18,120 BP 2,675 to 5,235 BP 
Reservoir temperatures by 
Mg and chalcedony 98 to 139 °C 82 to 105 °C 
Reservoir depth 353 to 814 m  (-405 and 150 m AMSL) 
327 and 640 m  
(-286 to -612 m AMSL) 
Mixing model in thermal 
water indicate Sr from 
rock contribution 
Short distance from the 
faults has rock contribution 
ranging from 73.11 to 
75.10% 
Long distance from the 
faults has rock contribution 
ranging from 82.50 to 
86.31% 
 











7 Conclusion and outlook 
Conclusion 
The medium enthalpy hot springs in the Mae Chan area in the northern part of Thailand are 
found along the Triassic (?) granite basement rock and the low enthalpy hot springs in Ranong 
Province in the southern part of Thailand are found along the Cretaceous granite basement 
rock. 
To evaluate and improve the understanding of these hydrothermal systems. This Ph.D. 
dissertation integrated the applications of natural hydrogeochemical and isotopic composition 
in water and rock minerals as follows; 
• Due to the major ions composition (Ca2+, Mg2+, Na+, K+, HCO3-, CO32-, SO42-, and Cl-), 
the hydrothermal systems can be characterized as Na-HCO3 type which is the shallow 
system.  
• The geothermometer applications provide the ranges of reservoir temperatures. Based 
on the verification, the conservative K-Mg and chalcedony geothermometers, are 
considered as two reliable geothermometer applications, state equilibrium temperatures 
ranging from 82 to 139 °C. These results combine with the local geothermal gradient 
to estimate the reservoir depth ranging from 400 to 1,200 m for the Ranong area and 
ranging from 353 to 814 m (-405 and 150 m AMSL) for the Mae Chan area. 
• The stable isotope of water ( 2H, 18O) can provide the information about source and 
altitude of the recharge area. The thermal water from these hydrothermal systems is 
from meteoric water and is recharged from the high elevation of the mountainous area. 
• The carbon stable isotope result ( 13C) indicates that the carbon compositions in 
Ranong thermal water are originated from the dissolved organic carbon (DOC), while 
the carbon composition in Mae Chan thermal water are mostly originated from the 
dissolved inorganic carbon (DIC). It also indicates the contamination from local 
geologic gases and the biological carbon in Mae Chan area. 
• Tritium (3H) analysis shows the residence time period in both areas is longer than 60 
BP. 
• Radiocarbon (14C) analysis indicates longer residence time period as compared to 
Tritium (3H) analysis. Moreover, the evidence of carbon contamination from geologic 
gases and from biological carbon in Mae Chan area can interrupted the residence time 




reliable. The residence time period in Mae Chan area (in case of without external carbon 
contamination) ranges from 12,760 to 18,000 BP and in Ranong area ranges from 2,675 
to 5,235 BP.  
• Rare earth elements (REE) in minerals and water provide the water-rock interaction 
that the REE in these thermal waters are chemically reduced by increasing temperature 
and pressure which has the fluoride concentration predominantly control the 
precipitation processes of LREE-fluoride complex during flow path in this system. 
• Strontium isotope (87Sr/86Sr) in minerals and water are investigated by using the 
strontium mixing model and granite dissolution model to investigate the water-rock 
interaction. The results reveal that the distance between fault core and the hot springs 
influences the percent dissolved Sr from the rock. 
• The differences in the hydrogeochemical and isotopic composition in these hot springs 
can be explained by multi, small reservoirs, rather than by single, large scale reservoirs. 
For more specific interpretation, five conceptual models for Mae Chan geothermal 
water and four conceptual models for Ranong geothermal water are built by integrating 
our result, the geological data, and topographic data. These models will be helpful for 
future water resources assessment and sustainable geothermal water management. 
Outlook 
• According to the hydro-chemical and isotopic results, these geothermal areas can be 
characterized as the shallow system, which is heavily influenced by seasonal variation. 
A better understanding of seasonal effect improves the investigation of shallow systems. 
Therefore, the sampling in future studies should be more frequent and the duration 
should be longer than this study. 
• As the south of Thailand has a large yearly-variable in moisture contribution from the 
Indian Ocean, this directly affects the shifted LMWL. Therefore, the future 
investigation in this area should continually monitor isotopic composition in meteoric 
water in the long-term period for reducing the error from the yearly-variation and 
improving the LMWL.  
• As various processes occur in the geothermal system, the trace element concentration 
in water and minerals are controlled by the chemical reaction and mobility of that trace 
element. Therefore, analyzing of other trace elements in water and minerals would 





• To fill the gap of the carbon source in the system, the concentration and isotopic 
composition of the carbon dioxide gas, methane from the thermal water, and the 
dissolved organic carbon in the soil need to be investigated. This could clarify the 
mixing processes of carbon source of the system.  
• The chemical and isotopic composition in granitic minerals in the reservoirs and surface 
sinter should be investigated. This would provide more water-rock interaction details, 
hydrothermal alteration, and precipitation processes for the understanding of the 
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9.1 Appendix 1: The data from previous investigation are involved in the study 
 
Figure 9.1-1: Local meteoric water line in Chiang Rai station, Thailand, based on precipitation 
data (n=263F) from 2013 to 2015 (HAII, 2016). 
 
Figure 9.1-2: Local meteoric water line in Ranong station, Thailand, based on precipitation 





Figure 9.1-3: Temperature profiles from drilling well in the Fang shallow geothermal area 









(PL)                                             (TL) 
Figure 9.2-1: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography in the surface granite from the Mulika hot springs (CM-16). 




















(PL)                                             (TL) 
Figure 9.2-2: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography in the surface granite from the CR-Near Malika (CM-16-2). 



























(PL)                                             (TL) 
Figure 9.2-3: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography in the surface granite from the CR-Mae Chan (CM-04). Abbreviations: 






























(PL)                                             (TL) 
Figure 9.2-4: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography in the surface granite from the CR-Huay Mae Jai (CM-03). 


















(PL)                                             (TL) 
Figure 9.2-5: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography in the surface granite from the Ratchagrude hot spring (RN-5). 
















(PL)                                             (TL) 
Figure 9.2-6: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography in the first granite sample from Ban Hat Yay hot spring (RN-6). 
























(PL)                                             (TL) 
Figure 9.2-7: Polarized light (PL) and transmitted light (Tl) microscopic analysis of thin-
section and petrography of the second granite sample from Raksawarin hot springs (RN-1). 

























List of publications within this study 
Conference Proceeding: 
Yongprawat M.,  Kamdee K., Wiegand B.,  Sauter M. (2017) Application of natural 
isotope tracers to geothermal research in the Mae Chan fault zone (N Thailand). Geophysical 
research abstract. Vol. 19, EGU2017-14412-2, 2017. Poster presentation. EGU General 
Assembly 2017. April 8-13, 2017.  
Yongprawat M.,  Wiegand B.,  Sauter M. (2018) Application of natural isotope tracers 
to geothermal research in Ranong fault zone (S-Thailand). Developments in Geothermal 
Energy I Posters, Poster presentation. American Geophysical Union (AGU), Fall Meeting 2018, 
abstract #H11Q-1678. December 10-14, 2018 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
